
THE 


AMERICAN JOURNAL 

OF 

PHYSIOLOGY 


VOLUME 141 


BALTIMORE, MD. 
1944 




CONTENTS 


No. 1. March, 1944 

V 

The Glucose Necessary to Maintain the Glucemia in Eviscerated Dogs. B. A. Hous- 

saij, Chrisliane Dos7ie mid V. G. Fotjlia 1 

The Effect of Sodixun 5,S-Diphenyl Hydantoinate (Dilantin Sodium) upon the Toler- 
ance of Rats and Mice to Decompression: Ebbc C. Hoff and CharJotle Yahn -7 

The Effect of Carbon Monoxide on the Oxyhemoglobin Dissociation Curve. F. J. ir. 

Ronghton and R. C. Darling 17 

Comparison of Cardiac and Metabolic Actions- of Thyroxine, Thyroxine Derivatives 

and Dinitrophenol in Thyroidectomized Rats. C. P. Leblond and H. E. Hoff 32 

On the Mechanism of the Adaptation of Pancreatic Enzymes to Dietary Composition. 

M. I. Grossman, Harry Grcciigard aiul A. C. Ivy 38 

Arterial, Cerebrospinal and Venous Pressures in Man during Cough and Strain. TV. 

^ F. Hamilton, R. A. Woodbury and^H. T. Harper, Jr 42 

Changes in the Vital Capacity when the Body is Immersed in Water. W. F. Hamilton 

and J. P. Mayo 51 

Experimental Analysis of the Nervous Factor in Shock Induced by Muscle Trauma in 
Normal Dogs. IF. IV. Swingle, II’. Kleinberg, J. II’. Remington, IF. J. Eversole and 

- R. Overman 54 

The Statistical Analysis of the Knee-Jerk. Frederick E. Emcrij 64 

TheRelationof Uric Acid Excretion to Blood Lactic Acid in Man. Stanley T. Michael.. 71 
A Possible Mode of Action of Pedicle Jejunal Grafts on Gastric Secretion as Indicated 
by Changes in pH of the Surface of the Mucosa of the Stomach. William DeW. 

Andrus, Jere IF. Lord, Jr. and Paid Stefko 75 

Histamine in Human Gastric Mucosa. Benedict Track, Charles F. Code and Owen H. 

Wangensteen • 78 

The Effect of Vitamin B Complex Deficiency on the Water Content of the Body and 
Various Organs of the Albino Rat. John Haldi, Glenvillc Giddings and Winfrey 

Wynn ■ 83 

Hypoglycemic Effects of Growth Hormone in Fasting Hypophysectomized Rats. IFal- 

ter Marx, Virgil V. Herring and Herbert M. Evans 88 

Effects of Oral Administration of Thiouracil on the Metabolism of Isolated Tissues from 
Normal and Hyperthyroid Rats. Bernard J. Jandorf and Robert H. Williams. . . 91 

Survival of Reflex Contraction arid Inhibition during Cord Asphyxiation.' A. van 

Harreveld 97 

The Effect of Human Plasma on the Venopressor Mechanism. Lewis Gunther and IF. 

R. Meeker 102 

The Effect of Insulin on the Responses of the Frog’s Heart and Rectus Abdominis to 

Acetylcholine. ,Iohn H. Welsh 109 

Functional Alterations in Motor and Supranuclear Mechanisms in Experimental Con- 
cussion. R. A. Groat, H. IF. Magoun, F. L. Dey, and IF. F. Windlc 117 

The Effects of Renin and Angiotonin on Cardiac Output and Total Peripheral Resist- 
ance. Samuel Middleton and Carl J. Wiggers ^ 128 

The Effects of Renin and Angiotonin during Hemorrhagic Hypotension and Shock. 

Samuel Middleton 132 

Adrenal Cortical Compounds and I-Ascorbic Acid on Secreting Kidney Tubules in Tis- 
sue Culture. Robert Chambers and Gladys Cameron 138 

Some Effects of Increased Food Consumption on the Composition of Carcass and Liver 

of Hypophysectomized Rats. Louis Levin • 143 

The Effect of Adrenalectomy on Heat Production in Young Pigeons. Oscar Riddle, 

Guinevere C. Smith and Richard A. Miller 151 

The Excretion of Sulfanilamide and Acetylsulfanilamide by the Human Kidney. T. 

A. Loomis, G. F. Koepf and R. S. Hubbard. . . . : 158 

Hi 



IV 


CONTENTS 


So. 2. Ainui/, r.l4 { 


Composilicrt oi C Blood of Rabbits in Gravity Shock. M’. Jl. (>oIe, J. U. .ilUson, T. 

J. J. .1. Iioii‘(rn, J. .1. .Itittfmon an>l J. //. Lcnlhein IGj 

Cold Sv.catir.fr in Motion Sickness, .\llon Hcniluiju'iiii 172 

The Eficct of Vitamins of the B Complex on the Resistance of the Organism to Anoxia. 

n. r. 170 


The Diuretic .Action of Thyroid in Diabetes Insipidus. Kendrick Hare, Donald M. 

idAlH}/' . ,f)d r- lifivDJ.inr, Gforyc Chambers and Ruth S. Hare 1S7 

Recruitment of Mammalian Nerve Fibers. .1. Rmenbluelh 100 

The Gastric Emptying Time of Man at High and Normal Environmental Temperatures. 

.th-ii!. I . Hfuru Lo'Ufstrccl 'J'aijlor and Aitcd Kej/s 20.i 

The Successful Treatment of So-Called “Irreversible** Shock by Whole Blood Sup- 
plemented vrith Sodium Bicarbonate and Glucose. R. Lrrinc, H. Huddlcstun, H. 

209 

The Estimation of the Anti-F.itty Liver Factor of the Pancreas and of Pancreatic Juice 
by the Use of the Completely Depancrcatlzed Dog Maintained with Insulin. M. 

J.fturei.r- .i/(, rf.'.v, I'.tdcnman (iltd I. L. Chnikoff 21(> 

TheEffectivi-nes-s of Lipocclc in Preventing Fatty Livers in Completely Depnnereatized 
Dogs M.eiritaincd with. Insulin. C. Rntrnman, M . Laurence Monlijomcr;/ and J. L. 

' . 221 

OrthoT tatic Circulatory Failure (''Gravity Shock”) In the Dog. 11. S. Mntjerson. . . , 227 

The Pattr.T.r of the Arterial Pressure Pulse. 1!'. /■’. Hamilton . . 23.'> 

Cardiac Innsfuciency in the Vitamin E Deficient Rabbit. 0. Boyd Honchin and Paul 

* 212 

The Effects of Hf xoses on the Respiratory Exchange of Rhesus Monkey.s. Thorne M, 

f/,;../ C/. Htirlnuin . 2-1!' 

The Effect of Aluminum Hydroxide Gel on Gastric Secretion. H'. Lloyd Adams and 


II 

The Effect of Vitamins and Sex Hormones on Dietary Achromotrlchla in Mice. 


IL 


.too 


//I. , 1, /.' (rt-idfart' and B. Gfftl .. 27)9 

Totit Sul.u tanct.*. from Muscle, f'u Dcf. J’cii,Jtwii •>. (!ninj>b(ll and Jeanne /■’. .Manen/ . 2r>2 
The Effect of MeaTurement Technics on the Values for Red Cell Diameter, with some 
Ot^’.e'vatirnf. on the Reintlonshlp between Cell Diameter and Other Factors in the 
n’oed I’ictnrt . Janr M , ann;}. Km (!. Dnnrhon and Lucille M . Wall . .. . 27(1 

A Studv oi Lr|’. Anomaly Csuried i)y Confining Chickens in Small Cages, J . .SV//oi- 

/>' h t\ J . K . Snke f r . Tharp, Jr. 27i 

E'rptir. Sfcrc'.ior. sod Enterogastrone. /. Grtf<-'>i:nn, Harry Grumjard, Jrnu Rra 

.•> ■ A f !,y . ' . ' .... 2.Hi 

Tht- l;?icct of Eti*-rrtal Constriction oi a Blood Vessel on Blood Flow. it. Shipley 



CONTENTS V 

The Blood Picture of Iron and Copper Deficiency Anemias in the Rat. Setlgivich E. 

Smilh and Mary McdlicoH, 354 

Environmental Temperature and Vitamin K Deficiency. C. A. Mills, Esther Colting- 

ham and i\farjorie Mills 3.50 

A Chart for the Estimation of the Red Cell Mass of Dogs from the Jugular Hematocrit 

Value and the Body Weight. J^a^d F. Hahn 3G3 

Effect of Purified Rations on Decidiiomal Formation in the Rat. BcJijaniin 11. ErslwjJ . 365 
Kinetics of the Disappearance of Gaiactose from the Plasma after a Rapid Intravenous 

Injection. Rafael Dominguez and Elizabeth Pomcrene 368 

Changes in Right and Left Coronary Artery Inflow with Cardiac Nerve Stimulation. 

Donald E. Gregg and Robert E. Shipley 382 

The Effect of Posterior Hypophysectomy on Renal Hypertension. Eric Ogden, Ernest 

11’. Page and Evelyn Anderson 389 

Restoration of Renal Hypertension in Hypophysectomized Rats by the Administration 
of Adrenocorticotropic Hormone. Evelyn Anderson , Ernest IF. Page, Choh Hao Li 

and Eric Ogden 393 

Audio Frequency Localization in the Acoustic Cortex of the Dog. Archie R. Tvnturi 397 

Depressor Effects of Cold upon Static Receptors of the Labyrinth. E. Spiegel 4(M 

Recovery of the Cerebral Cortex of the Cat Following Hypoxia. Robert H, Oster, J: E. 

P. Toman and Dietrich C. Smith 410 

The Effect of Sodium Thiocyanate on the Pressor Action of a Renin-Like Substance. 

James IF. Dalton and Franklin R. Nuzum 415 

The Effect of Chromatolysis on Oxygen Consumption in the Spinal Cord of the Guinea 

Pig. Roberts. Turner and Margaret L. Turner 418 

The Effect of Sodivun and Potassium Chloride on the Renal Clearance of Ascorbic 

Acid. Ewald E. Sclkurt and C. Riley Houck 423 

The Mechanism of Sucrose Damage of the Kidney Tubules. Harry .4. Wilnier 431 

No. 4. .luxB, 1944 

Observations on the Behavior and Neurophysiology of Acute Thiamin Deficient Cats. 

Guy M. Everett - 439 

Estimation of Platelet Fragility. .If. E. Muhrer, R. Bogart and A. G. Hogan 449 

The Effect of Caffeine upon Gastric Secretion in the Dog, Cat and Man. J. A. Roth 

and A. C. Ivy 454 

The Influence of Agents Affecting the Autonomic Nervous System on the Motility of 
the Small Intestine. Edward J. Van Liere, David IF. Northup and J. Clifford 

Stickney ' 462 

The Effect of Adrenal Medullectomy on the Hereditary Diabetes of a Strain of Rats. 
George Sayers, Marion Sayers, Johamies D. Plckker, Aline Underhill Orlcn and 

James M. Orten 466 

The Excretion of Urea by Normal Subjects under Basal Conditions. Roger S. Hubbard 

and Fred R. Griffith, Jr 469 

The Effect of Fasting on the Blood Sugar Curve of the Eviscerated Rat. Roger M. 

Reinecke and Sidney Roberts 

The Effect of Intrahepatic Pressure on Bile Resorption during Obstructive Jaundice. 

B. G. P. Shafiroff, Henry Doubilct, I. S. Barchain and Co Tui 480 

Acoustic Alterations of Post-Contraction Hypertonus in Limb Muscles of Normal Man. 

Herbert S. Wells 486 

Sodium Ion Movement between the Intestinal Lumen and the Blood. Maurice B. 
Visscher, Richard H..Varco, Charles ll\ Carr, Robert B. Dean and Dorothy Erick- 
son 488 

The Pepsin Content of Gastric Juice Secreted in Response to Hormonal Stimulation. 

M. Grossman, Jean Rea Woolley and A. C. Ivy 506 

The Enzyme Content of Pancreatic Secretion following Various Stimulants. - Harry 
Grcengard, ilf. I. Grossman, R. A. Rohack and A. C. Ivy 509 



VI 


COXTKXTS 


Comparative Studies of the Rates of Oxidation and Glycolysis in the Cerebral Cortex 

and Brain Stem of the Rat. .1 nnctlc Chcslcr nml Unmhl E. Jlminrh M-i 

Blood Flow, Peripheral Resistance and Vascular Tonus, with Observations/on the Re- 
lationship between Blood Flow and Cutaneous Temperature. IlnroU] D. Grcm. ^ 

Roh<:rl K. LcuR>-:, Edl E. Sichcrfuii vtiif Antnld E. 1 feller ’AH 

The Effect of Histamine and HCl on Gastric Secretion and Potential. Wnmn -S. 



Experimental Obesity in the Dog. PrUr Ildtihccl.rr, Ji . h. While owl Dorh Rolf. . . :>19 
Hypophysial Eosinophil Cell and Insulin Sensitivity. Pcler Udnhcckcr find Doris RolJ - oW 
Local Loss of Fluid and Protein in Experimental Shock: Relation to Decrease of Plasma 
Volume and Total Circulating Protein. C. T. AsJncorlh, J . 11 . Jester anJ E. Lloyd 

Guy 

Factors Influencing Chloride Concentration in Human Sweat. E. E. Johnson, G. C. 

Pitts and F. C. C'onsolazio 57;i 

The Effect of Sodium Thiocyanate on Intestinal Secretion in the Dog. K. Fink and E. 

S. Nasset ■' 500 

The Effect of the Thyroid on Jejunal Secretion in the Dog. K. Fink •’’/•S 

Adrenalectomy, Gonadectomy and the Insulin Content of the Pancreas. II. E. Ilaist 
and H. J. Bell COG 

No. 5. JnnY, lOId 

Factors Responsible for the Intestinal Phase of Gastric Secretion. Wni. 1). Reamer, 

M. JI. F. Friedman, J. Earl Thomas and .1/. E. Behfu.sy (513 

Some Factors Affecting the Resistance of Ejaculated and Epidjdymal Spermatoxoa of 
the Boar to Different Environmental Conditions. John F. Lashy and Ralph lingarl GlO 
Comparison of Direct and Indirect Blood Pressure Measurements in Rats. R. JI. 

Binder, H. 8. Kupper/nan and IF. /'. Hamilton 625 

The Lactate Response to Exercise and Its Relationship to Physical Fitness. Frederick 

Crcseitelli and Craig Taylor O-SO 

The Effect of Some Internal Factors on Human Work Output and Recovery. Eliot 

E. J'ollz, Frederic T. Jung and JAUian E. Cisler (HI 

Effect of Manganese Intake upon Concentration of Bisulfite-Binding Substances in 

Blood. .7. T. Skinner and J. S. MeJJargue 647 

Response to Chilling and Recovery in Adrenalectomized Cats. Frank A. IJarlman 

and Katharine A. Brownell 651 

The Metabolism of Acetone Bodies and Glucose in vitro and the Effect of Anterior 

Pituitary Extract. Reginald A. Shipley 662 

The Kidney as a Locus of Fructose Metabolism. Roger M. Rcineckc 066 

The Effect of Blood Withdrawal and Replacement on the Bleeding Voltime of Normal 

Dogs under Barbital Anesthesia. Hampden Lawson 677 

The Effects of Excitement, of Epinephrine and of Sympathectomy on the Mitotic Ac- 
tivity of the Corneal Epithelium in Rats. Jonas S. Fricdenwald and Wilhelm 

Buschke 689 

Determination of Blood and Plasma Volume Partitions in the Growing Rat. Jack 

Melcoff and Cutting B. Favour 695 

The Effects of Nembutal and Yohimbine on Chronic Renal Hypertension in the Rat. 

Rachcal K. Reed, Leo A. Sapirsiein, Frank D. Southard, Jr., and Eric Ogden 707 

Plasma, Gelatin and Saline Therapy in Experimental Wound Shock. IF. IF. Swingle 

and IF. Kleinherg . 713 

Circulatory Collapse Following Mechanical Stimulation of Arteries. Robert F. Rush- 

mer ’ 722 

Secretion of Pancreatic Juice after Cutting the Extrinsic Nerves. J. 0. Crider and 

J. E. Thomas 73O 

Index 739 



THE AMERICAN 

Journal of Physiology 

VOL. 141 MARCH 1, 1944 No. 1 
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1 

The study of carbohj^drate changes in eviscerated animals as a method for in- 
vestigating the glucose utilization in the peripheral tissues has been carried out by 
Soskin (1, 2) on the dog, by Mirskj* and Broh-Kahn (3) on the rabbit, and by 
Russell (4) on the rat. We have carried out a large number of experiments in 
dogs in order to evaluate this method and to compare the results obtained in 
normal dogs vith those obtained in h3q3ophysectomi2ed, diabetic and thyroid- 
•treiated dogs. 

Expenmenial procedure. We have used dogs weighing between 13 and 23 kgm., 
most of which were males. The animals were allowed no food during the 18 
hours iDreceding the experiment. Thej’’ were anesthetized with chloralose at a 
concentration of 0.8 per cent in an 0.8 per cent NaCl solution. Normal controls 
w'ei^e given 10 ml. per Icilo of this solution intravenouslj’', while hjqjophj’sectomized 
animals general^ required 20 per cent less solution and thjToid-treated animals 
20 per cent more. In this waj'' a faiiij’- uniform degree of anesthesia was ob- 
tained ■without interference with the glucose concentration of the blood. 

The animals were eviscerated bj’' the method described b}'' Soskin and Mirsk}'- 
(5), isolating the li'\''er from the general circulation bj'’ the insertion of a glass 
cannula in the vena cava. Blood transfusions Avere grcen until the arterial blood 
pressure rose aboAm 140 mm. Hg. Normal dogs AAnre used as donors except 
for the diabetic animals AA'here similarly diabetic donors AA'ere preferred. The 
animals Avere maintained under artificial respiration for the duration of the ex- 
periment. A standardized solution of glucose AA-as dehA’-ered into the jugular vein 
at the rate of 1 ml. eA’^ery 2 mmutes, thus maintaining an almost continuous floA\* 
of glucose through the body. 

In order to folloAV the changes in carbohydrate metabolism, blood glucose, 
blood lactic acid and muscle glycogen A>^alues A\^ere obtained. Blood obtained 
from the carotid artery aa^s deproteinized after the method of Somogjd and 
glucemia determinations AAnre made according to the method of Hagedorn and 

1 Canadian Federation of University Women’s Travelling Fellowship. 
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Jensen. Tlie glucemia was determined initiall.y and every thirty minutes during 
the three-hour experimental period. The blood lactic acid was determined 
initially and at the end of the experiment by the method of Friedemann and 
Kendall (6) in the AVest aeration apparatus. OlN'cogen determinations were 
performed on the tibialis anticus, extensor digitmaim longus and triceps surae 
muscles by the method of Pfliiger; final titrations followed the method of Bert- 
rand. One leg was used for the initial and the other for the final values. 

We observed that the arterial blood pressure of eviscerated animals dropped to 
low levels. Glucose curves obtained at pressure levels below 50 mm. Hg gave 
erroneous values and were not taken into account,. However, when the evis- 
ceration was performed in less than 20 minutes, and clotting in the vena cava was 
prevented by the use of a very clean dry glass cannula, and the animals were 
maintained on heated tables under artificial resj)ii‘ation, and adequate blood 
transfusions were given before beginning the glucose injection, then the blood 
pressure was maintained well above 50 mm. Hg. In this wa}' blood sugar curves 
of 3 hours’ duration, with a few of 2 hours’ duration when the blood pressure was 
falling rapidly, were obtained. All experiments ending with pressure levels be- 
low 50 mm. Hg were discarded. By this criterion 78 out of 87 dogs were con- 
sidered. The final pressure level was 110 to 80 mm. Hg in 13 cases, GO to 80 mm. 
Hg in 52 cases and 50 mm. Hg in 13 cases. All animals were in relativelj’' good 
shape with active reflexes at the end of the experiment . 

The amount of glucose necessaiy to maintain the initial blood level was be- 
tween 50 and 250 mgm. per kilo per hour. As shown in tables 1 and 2, various 
doses were tried on the following; 17 normal dogs, 14 hypophysectomized dogs, 15 
dogs made diabetic through the injection of anterior pituitaiy extracts (7 ml. per 
Idlo of a 20 per cent anterior pituitaiy extract gi\^en intraperitoneall 3 q daih*, dur- 
ing the 5 preceding daj^s), 4 of which were previously thyroidectomized, 11 dogs 
pancreatectomized 24 hours before the experiment, and 11 dogs treated with 
desiccated bovine thyroid (0.5 gram per kilo per day administered by gastric tube 
dui-ing the 5 preceding daj^s). The blood sugar values are expressed as the 
difference between the first and the last value of the curve. Positive or negative 
signs with ±8 are considered as equal. Individual variations vdtliin the same 
dose level are great. 

However, summarizing from the data in table 3, it is apparent that the amount 
of glucose needed to maintain the initial blood sugar in eviscerated dogs is as 
follows: In normal dogs, 100-200 mgm. per kilo per hour; in h 3 qpoph 3 ^sectomized 
dogs, 100-150 mgm. per kilo per hour; in h 3 ’'poph 3 'seal diabetic dogs (tlm’oidec- 
tom 3 ’' having no effect), 150-200 mgm. per kilo per hour; and in both 2 :)ancreatic 
diabetic and th 3 woid-treated dogs, 150-200 mgm. per kilo per hour. 

The blood lactic acid values, which initiall 3 '' varied between 8 and 14 mgm. per 
100 ml. of blood, showed in almost all cases a progressive rise during the experi- 
ment, ghdng a positive difference of 10 to 50 mgm. iier cent between initial and 
final values (tables 1 and 2). The difference between initial and final muscle 
glycogen values is veiy variable. Most of the initial values were between 400 
and 600 mgm. per cent. 



I^tA-lNTENAIsCE OF NORMAL BLOOD SUGAR AFTER EVISCERATION 


3 


Discussion. We have observed that when the arterial blood pressure is 
maintained below 50 mm. Hg, there is a marked reduction in the sugar consump- 
tion, probably due to the consequent state of anoxia. However, eliminating all 
animals in which the blood pressure fell to such low levels, we were able to obtain 
regularly rising or falling blood sugar curves which permitted us to establish the 
approximate amount of glucose necessary to maintain the glucemia at its initial 

TABLE 1 


Carbohydrate balance of eviscerated dogs receiving continnous glucose injection 



1 NORMAL 

HVPOrnVSECTOiUZED 

GLUCOSE 

INJECTED 

Glucemia (tngm. %) ! 

Lactic 

acid 

Glycogen 
(mgm. %) 
Difference 

Glucemia (mgm. %) 

Lactic 

acid 

Glycogen 
(mgm. %) 
difference 


Differ- 

ence 

Ini- Fi- 
lial nal 

(mmn. 9o) 
difference 

Differ- 

ence 

Ini- Fi- 
lial nal 

(mgm. %) 
difference 

ingtn./kgm./ 

hr. 


! 


■ 





50 

-63 

(94- 31) 

4-26 


— 45 

(90- 45) 

4-26 

-115 

SO 

-52 

(92- 40) 

4-26 


-27 

(95- 68) 

-1 

-172 

50 

— 15 

(87- 72) 

4-28 

4-10 





— 

+9 

(41- 50) 

4-30 

4-133 

4-93 

(71-164) 

4-7 

4*197 


= 4 

(85- 81) 

4-51 

4-162 

-25 

(97- 72) 

4-7 

-103 

100 

=4 

(94- 98) 

4-6 

4-119 

= 6 

(103- 97) 

4-23 

-127 

100 





+9 

(78- 87) 

-f5 

-116 

100 





4-11 

(S3- 94) 

4-12 

-460 


-20 

(77- 57) 

4-16 

-285 

4-61 

(76-137) 

4-52 

-SO 


= 4 

(46- 50) 

4-8 

-59 ^ 

= 2 

(68- 66) 

4-39 

-3 


= 0 

(102-102) 

4-23 

—57 

4-16 

(78- 94) 

4-46 I 

-200 

150 





4-22 

(90-112) 

4-83 

-105 

150 



i 


= 4 

(109-105) 

4-14 

-67 

1 

200 

-f46 

(74-119) 

-t64 

4-63 

4-11 

(66- 77) 

4-25 

-150 

200 

=0 

(96- 96) 

1 4-3 

4-43 





200 

-9 

(103- 94) 

4-24 

-136 





200 

= 2 

(80- 82) 

4-19 

1 4-64 





200 , 

-f-16 

(78- 94) 

4-15 

1 "i“25 





250 

-f54 

(60-114) 

i* 

4-73 

-f98 





250 

4-118 

(94-212) 

4-28 

-70 





250 

-f62 

(75-148) 

-5 

-124 






level, in eviscerated animals. Our results, however, when calculated as sugar 
utilization on the basis of Soskin’s calculations, (1) did not give consistent 
values; in fact, we found these calculations of no possible use in our experiments. 

Therefore, we have based our conclusions mainlj' on the blood sugar cun e, 
referring to the amount of glucose in milligi’ams per kilo per hour necessar}' to 
mamtain the initial blood sugar level. 

Individual variations were ver}' great making it impossible to arrive at exact 
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doses. However, disregarding certain isolated cases, the results on a large series 
of animals indicate that eviscerated normal dogs require from 100-200 mgm. of 

TABLE 2 


Carbohydrate balance of eviscerated dogs receiving continuous glucose injections 


GLUCOSE 

INJECTED 

DUDETIC (A.L.H.) 

DIABETIC (pancreatic) 

THVEOID-TKEATED 

Glucemia 
(mgm. %) 

Lactic 

acid 

(mgm. 

%) 

differ- 

ence 

Gly- 

cogen 

(mgm. 

%) 

differ- 

ence 

Glucemia 
(mgm. %) 

Lactic 

acid 

(mgm. 

%) 

differ- 

ence 

Gly- 

cogen 

(mgm. 

%) 

differ- 

ence 

Glucemia 
(mgm. %) 

Lactic 

acid 

(mgm. 

%) 

differ- 

ence 

Gly- 

cogen 

(mgm. 

differ- 

ence 

Difler- 

ence 

Ini- Fi- 
lial nal 

Differ- 

ence 

Ini- Fi- 
lial nal 

Differ- 

ence 

Ini- Fi- 
lial nal 

ingm.l 













ksm./hr. 













100 

-12 

(134-122) 

+45 






-35 

(100- 05) 

+23 

-20 

300 

+s 

(134-143) 

+20 

-105 





+31 

( 91-122) 

+24 

-20 

100 

-40 

(250-219) 

+5 

-8 




■ 

-9 

{ 70- 07) 

+22 

-190 

■ ■ 

-271 

(203-131) 

+40 


-80 

(274-194) 

+47 

-no 

-0 

(112-112) 


-220 


=2 

(129-127) 

+50 

-94 

-42 

(272-230) 

+15 

-50 

-34 

(121- 97) 

+44 

-127 

■ ll 

-GS 

(205-151) 

+4 

-305 

-22 

(216-184) 

+10 

-10 

-12 

( 91- 79) 

+34 

+154 


+25 

(133-138) 

+10 

-33 









in 

+83 

(182-208) 

+2 

-80 









200 

=5* 

(144-149) 

+20 


+40 

(244-284) 


-150 

+81 

( 83-104) 

+40 

-24 

200 

+10* 

(170-189) 

+10 

+120 

+124 

(199-323) 

-13 

-114 

+51 

(103 -154) 

+03 

-82 

200 

=4* 

(157-101) 

+30 

+100 

-53 

(283-230) 


+10 

=3 

( 03- 05) 

+13 

+17 

200 

-22 

(190-178) 

‘4“0 

+03 

+46 

(222-203) 


+04 

+13 

( 90-114) 

+27 

+172 

200 

+07 

(145-212) 

-19 

-28 

+37 

(144-231) 


*4*37 

+42 

( 91-133) 

+25 

+14 

200 

=0 

(205-259) 

+20 

-35 









200 

=4 

(183-187) 

+72 

+130 









200 

-34 

(158-124) 

+42 

-17 









250 

+00 

(189-249) 

+34 

-324 

+01 

(242-303) 

+57 

-0 





230 

+28 


+40 

+102 

+105 

(231-330) 

+14 

-90 





250 

+40 

(130-170) 

+10 

-110 

+78 

(170-248) 

+11 

-10 






• Thyroidectomized. 


TABLE 3 


Difference between initial and final glucemia in eviscerated dogs with continuous glucose 

injection 



— , fall of blood sugar; — , maintenance of blood sugar (± 8 mgm. %); +, rise of blood 
sugar. 


glucose per kilo per hour to maintain their initial glucemia level. These results 
are in accordance with those of other investigators (10). In the hepatectomized 
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dog, Mann (11) observed that 250 mgni. of glucose per kilo per hour were re- 
quh’ed in animals which were not anesthetized, but were kept quiet and warm. 
He also calls attention to the vide individual variation. 

Hj^poplwsectomized eviscerated dogs required 100-150 mgm. of glucose per kilo 
per hour to maintain their glucemia level. ,This dose is vithhi the range of that 
for normal dogs. It is worth mentioning that the blood pressure in 113^10- 
ph3'sectomized dogs tends to fall more rapidl}’- than in other cases. Soskin et al. 
(7) observed that h5qDoph3-sectomized dogs gave lower than noimal sugar utiliza- 
tion values. In the five dogs studied the3’- report a consumption subnormal even 
to the level for pancreatectomized anunals. These same authors noted that 
gb’cogen is very stable, which fact we could not confirm. 

In non-e\iscerated h3q3oph3'sectomized dogs Chambers et al. (8) did not ob- 
serve an increased sugar consumption. The rabbit and rat, on the other hand, 
seem to need veiy high sugar levels, as observed b3’- Greele}’- (9). He used 700 
mgm. of glucose in the h3’poph3'-sectomized rabbit to prevent h3qD0gl3"cemic levels 
upon fasting. Hussell (4) reported that 250 mgm. of glucose were needed to 
main tarn the glucemia in h3'poph3'sectomized and eviscerated rats as compared to 
135 mgm. of glucose needed in the eviscerated controls. 

The results obtained in pancreatectomized dogs were more uniform and these 
animals required a maintenance dose of 150-200 mgm. of glucose per kilo per 
hour. Animals made diabetic through the injection of anterior pituitaiy extract 
required from 150-200 mgm. per kilo per hour. Previous thyroidectom}’- in 4 of 
these dogs in no way affected the results. The amount of glucose needed to 
maintain the high initial blood level of a diabetic dog is within the range of the 
normal, although wthin the higher values. Soskin (2) observed that anterior 
pituitaiy extract does not influence the rate of sugar utilization by the extra- 
hepatic tissues of normal dogs. Soskin (1, 2) also maintains that pancreatec- 
tomized anunals utilize less sugar at a given gb'cemia level than do normal dogs 
at the same level. Mirsk}^ and Broh-Kahn (3) observed an increased peripheral 
utilization of glucose in the th3’'roid-treated rabbit. 

In our experiments it was found that eviscerated th3’'roid-treated dogs, just as 
pancreatectomized animals, requned 150-200 mgm. glucose per kilo per hour to 
maintain the initial gti’-cemia level. This is vdthin the normal range, although 
vithin the higher values. 


CONCLUSIONS 

1. Whether the eviscerated dog can be regarded as normal except for the 
deprivation of liver and viscera is a questionable h3qDothesis. 

2. Calculation of the carboltydrate balance from the data obtained in our ex- 
periments on eviscerated dogs gave improbable results. 

3. When the blood sugar curve alone is considered, in the absence of h3’'po- 
tension or asph3oda, it is possible to determine the amount of glucose that must be 
injected in order to maintain the initial glucemia level. Although individual 
variations are great, studies on a large number of anunals reveal that the main- 
tenance dose of glucose is 100-200 mgm. per kilo per hour for normal dogs, 100- 
150 mgm. per Idlo per hour for h3Tophysectomized dogs, 150-200 mgm. per kilo 
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per hour for dogs made dialDetic by the injection of anterior pituitary extract, and 
150-200 mgm. per kilo per hour in both pancreatectomized and thyroid treated 
dogs. 
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Comnilsive seizures constitute a striking feature of the late stages in the reac- 
tion of experimental animals to severe acute anoxia (1) . Li view of the successful 
use of dilantin as an anticonvulsant in epilepsy (2), the experiments to be de- 
scribed in this report were undertaken to test whether this drug would delay or 
prevent experimental decompression convulsions and whether its administration 
would significantly affect the tolerance of animals to the conditions prevailing at 
reduced atmospheric pressures. 

Methods. The results to be reported are based on a study of 118 rats and 159 
mice, grouped into three series. Series I comprised 77 jmung adult rats, weighing 
approximately 200 grams each, which were decompressed indi^ddually in a glass 
decompression chamber, without added oxygen but with adequate ventilation, at 
a uniform rate of 100 mm. Hg per minute. Each animal was at first given a con- 
trol decompression to establish its “altitude ceiling”. Decompression was con- 
tinued to the pressure at which breathing stopped and at this point the animal 
was instantaneously recompressed. From one to eight da 3 "s after this control 
“flight” the surviving animals were again each subjected to a period of pro- 
gressive lowering of atmospheric pressure. Three to four hours before this second 
decompression the rat was injected subcutaneous^ with an aqueous suspension of 
sodium OjO-diphenjd h 3 'dantoinate (Kapseals Dilantin Sodium; Parke, Davis 
& Compan3’’). Decompression was carried out at the same rate as in the control 
“flight” to the point of apnea, A new “altitude ceiling” having been determined, 
the animal was again immediate^ returned to normal room pressure. 

In series II there were 41 rats , The object of the experiments in this series was 
to determine the length of time of survival of control animals at a given simulated 
altitude and to compare these survival times with the performance of a second 
group of animals from the same colon 3 ’', which received sodium 5 , 5-diphen3d 
hydantoinate before decompression. 

In a preliminaiy group of three control animals, times of survival at 150, 100 
and 70 mm. Hg were recorded. Twenty experiments were then carried out in 
which normal control rats were decompressed, at the standard rate of 100 mm. 

^ These studies wore supported by a grant from the Trustees of Sarah Lawrence College. 

A preliminary report appeared in the Federation Proceedings 2: 22, 1943. 

2 Now Lieutenant Commander, MC-V (S) , USNR. The opinions or assertions contained 
herein are the private ones of the authors and are not to be construed as official or re- 
flecting the views of the Nav 3 ' Department or the naval service at large. 
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Hg per minute, to 70 mm. lig at u'hicli pressure all animals were still breathing. 
In each experiment, the animal’s time of sumval at this “altitude” was recorded 
with precision. In this control group, each animal was recompressed approxi- 
matelj'’ thirty seconds after breathing stopped. All but two controls were dead 
on recompression. In 18 rats, the effect of dilantin on sundval time at 70 mm. 
Hg was investigated. The dmg was given subcutaneously three or four hours 
before decompression, and in eveiy case the animal was taken to 70 mm. Hg 
at the standard rate. The pressure was maintained at this level until breathing 
stopped; the time was recorded and the animal recompre.ssed. 

In series III a group of experiments similar in pattern to those of series II was 
conducted on 159 young adult mice weigliing approximately 15 grams. Animals 
were decompressed individually at the rate of 100 mm. Hg per minute to 150 nun. 
Hg, a pressure level found in preliminary runs to be lethal to control subjects 
vutliin less than 2 minutes. The sur\'ival time at this pressure was determined 
in 73 control mice, all but six of which failed to resume respiration on return to 
the laboratorjf barometric pressure. Suiwival times were also recorded in 73 
mice from the same colony and of similar age and weight, subjected to decom- 
pression within 10 minutes to 48 hours after intrapeiatoneal injection of 0.5 to 
3.0 mgm. of dilantin (Dilantin Sodium in Glaseptic Ampoules, for intravenous 
use, no. 3239005)® in a 0.9 per cent sahne solution containing 10 mgm. of the 
ding per cubic centimeter. Throughout this series the control runs were inter- 
spersed between decompression experiments on the drugged animals and all 
control animals were injected intraperitonealh' with an amount of 0.9 per cent 
saline solution equal in volume to the drug solution received hy the dilantinized 
mice decompressed during the same experimental session, which consisted usua% 
of 12 control decompressions and 12 drug runs. 

Results. Series I. Effect of subcutaneous administration of dilantin upon the 
pressure “ceiling" attained by rats. After premedication with dilantin rats 
tolerated a lower pressure than was possible during their control decompression. 
In the first “flights”, carried out without the drug, the animals exhibited the 
usual signs associated with rapid ascent to high altitudes, commencing with 
heightened motor excitability, muscular inco-ordination and characteristic chew- 
ing movements. At the lower pressures, there was enlargement of the abdomen, 
gi’oss inco-ordination, opisthotonus and convulsive episodes succeeded by coma, 
apnea and, in some cases, cardiac an-est. 

Twenty-eight rats died during control decompression. The “ceihng” pres- 
sures reached by these animals varied from 95 to 17 mm. Hg, an average of 42 
mm. Hg. As shovm in table 1, twenty-five animals which simdved the control 
“flights” as well as decompression after drug administration attained control 
“ceilings” ran^ng from 55 to 17 mm. Hg, an average of 35 mm. Hg. Sub- 
cutaneous injection of dilantin in doses used m these experiments resulted in 
marked slowing of the respiration, and no rat was subjected to decompression 
until the resphatorj- rate had fallen below 70 per minute. Under influence of 

3 We wish to express our thanks to the Research Department of Parke, Davis & Company 
for a generous supply of this preparation. 
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the di-ug, the animals tended to lie quietty vhen undisturbed, but exhibited 
greatty exaggerated motor response to tactile stimuli. During decompressions, 
the dmgged animals were less active; opisthotonus was not so marked, but the 
degree of abdominal distention vas the same as m the control “flights”. As 
table 1 shows, the “ceilmgs” attained by animals after medication ranged from 
37 to 5 mm. Hg, an average of 18 nmi. Hg. In all but one case (expt. 5), the 
animals tolerated a loAver pressure with the dnig than without. It may also be 
pointed out that the pressure levels successfully attained by the dilantinized 
animals were, on the average, higher than the “ceilings” reached by the group 
of 28 animals wliich failed to sur^dve the control decompression. Eleven of the 
controls which died succumbed at pressures -within the range of the “ceilings” 
of the medicated animals. 

If the animals reported in talile 1 are listed in order of increasing initial “alti- 
tude” tolerance, it can be seen that dflantin has a relativelj’’ greater effect in 
raising the resistance of animals vith a lower control “ceiling” than those with 
higher initial tolerance to decompression. Under the conditions of these experi- 
ments in which a fairly uniform group of rats was used, there was no significant 
correlation between bod}' weight and capacit}’ to -w-ithstand low pressures. 

Eight rats failed to survive the second decompression although they had 
received injections of dilantin. Attention is drawn, however, to the fact, illus- 
trated in table 2, that all of these animals reached significantly higher “ceilings” 
after drug administration than during their control “flights”. Sixteen rats 
surviving the control “flight” were not decompressed under the influence of the 
drug. Of these, 7 died, presumably from an overdose of dilantin. The remain- 
ing 9 were not used because dilantin failed to reduce the respiratoiy rate to less 
than 70 per minute. 

Scries II. Effect of suhcidancoiis injection of dilantin upon the survival time of 
rats at a pressure of 70 mm. Hg. Experiments carried out on three control ani- 
mals maintained at different pressure “ceilmgs” yielded the following data: Eat 
7a was decompressed to 150 mm. Hg and held at this pressure for 5 min. 15 sec.; 
respiration continued and the animal survived after recompression. Rat 6a 
died after 2 min. 30 sec. at 100 mm. Hg while rat 5a remained alive at 70 mm. Hg 
for 1 min. 30 sec. and was recompressed dead. The pressure requiring a shorter 
lethal period, i.e., 70 mm. Hg was selected as a convenient “ceiling” at which 
to maintain rats for the stud}’- of survival times. 

'Dventy control rats decompressed at the standard rate to 70 mm. Hg were all 
dead after an average exposure of 1 min. 30 sec. at “ceiling” pressure. The 
longest time tolerated was 1 min. 50 sec., the minimum time for a lethal effect 
being 1 min. 15 sec. 

Eighteen rats were decompressed after subcutaneous injection of dilantin. 
The results of these experiments are given in table 3. All of these anhnals sur- 
■\dved longer than any in the control group. Rat 12b stopped breathing after 
10 min. 10 sec. exposure, and was recompressed dead. Rat 25b was alive after 
an exposure of 10 min. 55 sec. and was decompressed once again during the same 
afternoon. At the second decompression, the animal was still breatliing after 4 
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TABLE 1 


“Ceilings” of rals siirviving control decompression as well as decompression after snhcuiancous 

adminislralion of dilanlin 


EXPT. N'O. 

WEIGHT 

CONTROL 

INTERVAL 
BETWEEN CON* 
TROL AND DRUG 
EXPTS. 

1 

1 

DOSE 

0RCO “CEILIKg” 


grams 

mm. Bg, 

iays 

grams 

mm. Bg 

4 

238.2 

45 

1 

0.2 

37 

5 ! 

214.7 

25 

1 

0.4 

27 

6 

239.3 

35 

4 

0.3 

23 

9 

370.0 

30 . 

1 

0.4 

19 

10 

139.2 

30 

8 

0.3 

! 

11 

. 142.6 

25 

1 

0.3 

I 12 

12 

.343.0 

55 1 

1 

0.3 

25 

14 

207.4 

47 

1 

0.3 

17 

15 

178.7 

55 

1 

0.3 

29 

18 

192.0 

45 

1 

1 0.3 

20 

21 

191.1 

36 

1 

0.3 

17 

24 

227.8 

40 

2 

0.3 

17 

28 

290.0 

25 

1 

0.3 

23 

36 

338.4 

48 

1 

0.3 

19 

38 

88.1 

44 

1 

0.2 

27 

42 

108.9 

54 

1 

0.3 

28 

43 

j 197.8 

i 27 

1 

0.4 

9 

49 

370.0 

1 17 

1 

0.3 

5 

59 

186.4 

38 

1 

0.3 

28 

66 

173.6 

1 40 

1 

0.3 

25 

71 

176.1 

20 

1 

0.3 

9 

72 

202.0 

20 

1 

0.3 

5 

73 

132.9 

20 

1 

0.3 

11 

76 

167.6 

20 

1 

0.3 

10 

77 

186.3 

25 

1 

0.3 

6 


TABLE 2 


“Ceilings” of rats which died during the second dcco??iprcssion (after subcutaneous 

administration of dilanlin) 


EXPT. NO, 

i 

1 

WEIGHT 

CONTROL 

“ceiling” 

INTERVAL 
BETWEEN CON- 
TROL AND drug 
EXPTS. 

BOSE 

DRUG “CEIUMG” 


grams 1 

mm. Bg ' 

days 

grams 

mm. Bg 

2 

187.7 

70 ! 

1 

0.1 

27 

3 

311.0 

80 

1 

0.1 

27 

8 

180.7 

25 

1 

0.3 

5 

23 

242.8 

30 

2 

0.3 

9 

34 i 

156.4 

54 

1 

0.2 

1 30 

44 i 

240.0 

32 

1 

0.3 

7 

51 

290.0 

69 

1 

0.3 

20 

56 

217.7 

32 

1 

0.3 

21 
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min. and survived the experience. The minimum exposure necessary to kill any 
of the drugged rats was 3 min. 8 sec. (expt. 16b') and the average time was 4 min. 
47 sec. 

Series III. The effect of intraperitoneal injection of dilantin upon the survival 
time of mice at a pressure of 160 mm. Hg. During decompression under the con- 
ditions of these experiments control mice presented a veiy uniform picture. In 
each case, as the pressure fell, the animal became restless and active and usually 
continued to explore the wire cage vutliin which it was confined until a level of 
about 250 to 200 mm. Hg was reached. During this period there was a progres- 

TABLE 3 


Ti7iie tolerated at 70 mm. Hg hy rats after subentaneous administration of dilantin (controls 

killed ivithin 1 min. 60 sec.) 


EXPT NO. 

! : 

■WEionx 

DOSE 

XnrE TO APNEA 

1 

TOTAE TIME AT 
‘'CEILING*' 

FATE OF ANBtAL 

Min. 

See. 

Min. 

Sec. 


grams 

grams 







18S.4 

0.3 

3 

15 

3 

25 

Died 


1 187.0 

0.4 

10 

10 ' 

10 

35 

Died 


177.9 

0.3 

3 

30 ! 

4 

15 ■ 

Died 


203.7 

0.3 

6 

15 

6 

45 

Died 


214.4 

0.3 

9 

5 

9 

5 

Lived 1 min. 



0.3 

2 

15 

3 1 

8 

Died 


! 232.4 

0.3 



3 

40 

Lived 10 min.* 


I 206.3 

0.4 



3 

25 

Lived 9 min.* 


190.0 

0.4 

4 

0 

4 

10 

Died 


213.9 

0.5 

■ 4 

34 

5 

0 

Died 

21b 

200.3 

0.3 

3 1 

45 

3 

45 

Died 

22b 

238. 0 

0.4 

4 

10 

4 

25 

Died 

23b 

187.0 

0.4 

3 

15 

3 

35 

Died 

24b 

200.0 

0.3 



4 

7 

Recovered* 

i ^^B 

216.9 

0.3 




55 

Recovered* 


216.9 

Same 

i 


4 

0 

Recovered* 

i ^^B 

200.3 

0.4 

i 


3 

15 

Lived 2 min.* 


252.0 

• 0.4 

4 

25 

4 

25 

Died 


208.0 

0.4 

. 3 

25 

3 

25 

Died 


*Experiments in which apnea did not supervene. 


sive acceleration of respiration and increasing ej’-anosis. With further drop in 
pressure, the mouse tended to sit quietly huddled up or to move about mth a 
slow ataxic gait. Ordinarilj^, however, motor function was not gravely disturbed 
until the pressure had been at 150 mm. Hg for approximatelj'’ 30 sec. to 1 min. 
when, with dramatic suddenness, the animal was seized with commlsions. These 
attaclcs were characterized iDy protmsion of the eyeballs, opisthotonus and spas- 
modic movements of the extremities, particularly of the huid limbs which were 
rigidly extended backwards. The animal kicked commlsively, often throwing 
itself the entire length of the cage. There was also spasmodic twitching of the 
tail which was arched dorsalh*. The eyes were black and the snout, paws and 
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tail deepl}' C 3 fanotic. Within a few geconds respirations became slow and gasping 
and shortb^ ceased altogether. Although most control animals tolerated the 
‘"ceiling” pressure for 30 to 60 sec. before the onset of the seizures, manj^ did not 
breathe at all after the “ceiling” had been attained and died quicklj- after a few 
violent extensor spasms. Considerable variabilitj’- in the seA’erity of the attacks 
was observed and in some instances breathing became gi-aduall}' slower and 
weaker and ceased without an}’- comnilsive episode. There was no relation be- 
tween the length of the sinwival period and the occurrence or non-occurrence of 
the seizures or their violence. Tlie average time required to kill 67 control mice 
at “ceiling” pressure was 1 min. 4 sec., the most resistant animal d 3 ’-ing after an 
exposure of 3 min. 15 sec. and the shortest inter\*als sufficient to destro}’^ life at 
150 mm. Hg being 2 and 3 sec. In all the other fatal cases, the time intervals 
ranged betAveen 10 sec. and 1 min. 58 .sec. The sLx control animals which recoA^- 
ered after recompression AA-ere kept at 150 mm. Hg for 59 sec. to 1 min. 29 sec. 
In each of these cases, the chamber AA’as recompressed the instant breatliing ceased 
whereas in all of the other control mice the “ceih'ng” pressure was held for 
approximate!}'' 20 to 30 see. after apnea. 

Intraperitoneal injection of 0.5 mgm. of dilantin resulted in no obA’ious dis- 
turbances in mice. HoAA'eA’er, AA-ithin 18 min. after receiA'ing 1.0 mgm. animals 
AA’alked Avith the limbs slightl}’’ spla3^ed outwards and AAithin an hour e.xliibited 
ataxic gait but quickl}’ righted themseh’es if turned on their backs. This un- 
steadiness pei-sisted for as long as 24 hrs. but the animals remained otherAA’ise in 
good condition. Doses of 2.0 and 3.0 mgm. produced similar effects but ataxia 
was more pronounced and there AA'ere slow side to side tremors of the head. In 
a group of 10 trial mice it AA-as found tliat intmperitoneal doses of 4.0 mgm. or 
more resulted in death in less than 48 hrs. Within 15 min., such animals Avere 
markedl}’' ataxic, Tliey became progi-essh-el}’- AA'eaker and within 30 min, to 1 
hr. remained on their backs or in an}’- position in AA’hich placed. Periodic spas- 
modic twitching moA’-ements AA-ere obseiwed especial!}' AA’hen the animals AA’ere 
touched. 

Twenty-six mice decompre.ssed AA-ithin 10 rain, to 48 hrs., 12 min. after intra- 
peritoneal injection of 2.0 mgm. of dilantin all tolerated longer periods at “ceil- 
ing” pres.sure than the con-esponding controls. As shoAvn in table 4, the first 12 
of these drugged animals continued to breathe at 150 mm. Hg for 6 min. 0 sec. to 
10 min. 10 sec., an a\’erage of 7 min. 53 sec., AA’hereas an aA-erage period of 1 min. 

1 sec. was lethal to the controls decompressed during the same day and all 
fatalities in the control group occun-ed AA-itlun 1 min. 30 sec. Not only did the 
drugged mice tolerate longer times at the “ceiling”, but also all but Iaa-o recoA-ered 
on recompression. In these animals, the interA’al between injection of dilantin 
and the onset of decompre.ssion A-aried from 8 hrs., 30 min. to 11 hrs., 44 min. 
(average, 10 hi-s., 14 min.). As seen in table 5, hoAA-CA-er, dilantin exerted an 
appreciable protecth’e action as early as 10 min. after injection of 2.0 mgm. and 
in experiment 146c, commenced 48 hrs., 12 sec. after administration of the 
di-ug, the animal was .still breathing after 22 min. 30 sec. at 150 mm. Hg. In the 
gi’oup of 14 drugged animals listed in this table, the time at “ceiling” pressure 
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TABLE 4 

Time tolerated at 150 mm. Hg hy vuce receiving 2.0 mgm. dilaniin iniraperitoneally (controls 
hilled within 1 mm. SO sec.) 


EXPT. 

NO. 

W-EIGHT 

INTERVAL 

bet^\xen in- 
jection .rVND 
BECOMTRESSION 

XniE AT 
“ceiling” 

FATE OF ANIVAI. 

OBSERVATIONS 



Hrs. 

Min. 

Min. 

Sec. 


. 

63c 

grams 

15.S 

8 


7 

15 

Recovered 

No convulsions 

64c 

14.1 ; 

S , 


7 

03 

Recovered 

Running movements 

65c 

14.1 ! 

9 


8 

15 

Recovered 

Running movements 

66c 

15.3 

9 


8 

20 

Died 

No convulsions 

67c 

11.8 

9 

48 

! 10 

10 

Recovered 

Some terminal spasms 

6Sc 

17.5 

10 

5 

7 

45 

Dela5’’ed death 

No convulsions 

69c 

15.9 

10 

32 

7 

40 

Recovered 

Few terminal spasms 

70c 

13.4 

io 

49 

7 

35 

Recovered 

Slight terminal seizure 

71c 

13.0 

11 

8 

6 

22 

Recovered 

No convulsions 

72c 

17.0 

11 

10 

9 

30 

Recovered 

No convulsions 

73c 

16.1 

11 

30 

6 

0 

Recovered 

No convulsions 

74c 

13.6 

11 

44 

S 

45 

Recovered 

Slight terminal seizure 


TABLE 5 


Time tolerated at 150 mm. Hg, illvstrating the duration of the protective effect exerted on mice 
hy 2 mgm. dilantin administered iniraperitoneally (controls hilled within S min. IB sec.) 


EXPT. i 
NO. 

TOIGHT 

INTERVAL 

betiveen in- 
jection AND 

DECOIITRESSION 

TIME AT 
“CEILING” (ISO 
MM. Hg) 

FATE OF ANIHAL 

OBSERVATIONS 

Hrs. 

Min. 

Jlin. 

Sec. 


grams 







147c 

10.0 

0 

10 

4 

5 

Died 

No convulsions 

148c 

10.3 

0 j 

30 

26 

0 

Recovered* 

No convulsions 

149c 

10.6 

0 1 

35 

8 

30 

Died 

No convulsions 

135c 

18.6 

1 

20 

7 

15 

Delayed death 

Some terminal spasms 

136c 

12.3 

o 

0 

20 

15 

Recovered* 

No convulsions 

137c 

10.7 

3 

49 

60 

0 

Recovered* 

No convulsions 

138c 

11.0 

6 

44 

19 

0 

Recovered* 

No convulsions 

139c 

11.3 

7 

29 

21 

0 

Delayed death 

Some terminal spasms 

141c 

11.4 

8 

30 

19 

40 

Delayed death 

Terminal extensor spasms 

142c 

14.7 

10 

33 

32 

0 

Recovered* 

No convulsions 

143c 

10.0 

IS 

27 

4 

20 

Died 

No convulsions 

1 44p, 

12.3 

18 

39 

30 

0 

Recovered* 

No convulsions 

145c 

' 10.8 

32 

4 

61 

30 

Recovered* 

No convulsions 

146c 

12.0 

48 

12 

22 

30 

Recovered* 

No convulsions 


* Experiments in which apnea did not supervene. 


varied from 4 min. 5 sec. to 61 min. 30 sec. (ax^rage, 24 min. 0 sec.). 

these animals (indicated by an asterisk) continued breatlnng ' ^ ^ 

experiment and could undoubtedly have tolerated an even longer exposuie. All 
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eight survived. Three other mice in this group (cxpts. 135c, 139c, 141c) breathed 
on recompression but died subsequentl 5 L In the remaining tliree, respirations 
failed to return. All control animals corresponding to this group died in convul- 
sions after average exposure of 1 min., 35 sec. at 150 mm. Hg, the longest time 
being 3 min. 15 sec. and the minimum lethal period ])eing 1 min. 0 sec. 

Animals receiving 2.0 mgm. of dilantin were usually somewhat quieter during 
decompression than were the controls. Deep cj’^anosis was as prominent a 
feature as in the control group. There was frequentlj’- blinking of the ej’^es with 
exophthalmos, and all dilantinized mice surviving these prolonged periods de- 
veloped marked corneal opacity which gradually disappeared within 45 min. 
after the end of the run. In all mice injected with 2.0 mgm. of the drug, decom- 
pression convulsions were either absent or considerably delayed. A^Oiere they 
occurred at all, the seizures were usuallj’’ represented by spasmodic walking 
movements of the limbs, periodic twitches in the trunk or moderate retraction 
of the head. In no instance were any convulsive movements obseiwed on 
recompression. 

In 23 mice decompressed within 5 hi-s., 31 min. to 11 hrs., 29 min. after intra- 
peritoneal injection of 3.0 mgm. of dilantin the .survival times were also longer 
than in corresponding control animals (although, in general, not as long as in 
animals receiving 2.0 mgm.) the shortest peiiod being 2 min. 0 sec. and the 
longest, 13 min. 40 sec. (average, 4 min. 53 sec.). Ten of these animals recovered; 
13 failed to breathe after recompression. All of the controls decompressed in 
the .same experimental sessions wei’e killed by periods from 2 sec. to 2 min. 0 sec. 
(average, 46 sec.). i\Iotor phenomena observ’-ed in tliis group during decom- 
pression were similar to those seen after 2.0 mgm. injections. Two animals suc- 
cumbed approximatelj” 9 hrs. after dmg administration and were therefore not 
subjected to decompre.ssion. 

Intraperitoneal injection of 1.0 mgm. of dilantin afforded some protection in 
12 mice decompressed 6 hrs., 55 min. to 9 hrs. 4 min. later. Time at 150 mm. Hg 
ranged from 1 min. 0 sec. to 11 min. 37 sec. (average, 4 min. 40 sec.) while 11 out 
of 12 controls were all dead after periods from 50 sec. to 1 min. 25 sec. (average 
1 min. 9 sec.) . In the dragged animals of this group terminal convulsive episodes 
were observed which closely resembled in frequency and severity those seen in 
the controls but whereas all but one control animal failed to breathe on recom- 
pression, 7 of these 12 dilantinized mice recovered. Doses of 0.5 mgm. appeared 
to have little or no effect on the tolerance of mice to the “ceiling” pressure. 
Twelve mice decompressed from 5 hrs. 25 min. to 8 hrs. 25 min. after intra- 
pentoncal injection of 0.5 mgm. of dilantin, died in convulsions after 55 sec. to 
3 min. 5 sec. (average, 1 min. 43 sec.) at 150 mm. Hg. A control group of 12 
mice were all killed bj’- periods ranging from 30 sec. to 1 min. 45 sec. (average, 

1 min. 4 sec.). 

Discussion. Under the conditions of these experiments in which decom- 
pression was carried out at the rate of 100 mm. Hg per minute, rats and mice 
given single doses of dilantin tolerated lower pressures or withstood a given low 
pressure for a longer time than without the drag. Using apnea as an end point. 
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dilantinized animals can thus be taken to extraordinarily' low pressures and 
survive. It is not pretended, however, that such pressures are compatible with 
life for more than a brief period even A^dth the protection of the drag. In de- 
termining the effect of dilantin upon the sunii'al time of rats and mice, veiy low 
pressures (70 mm. Hg and 150 mm. Hg) were purposely" chosen such that control 
animals succumbed within about a minute or two. No data are y’-et available as 
to the possible protective action of dilantin in animals maintained at somewhat 
higher pressure levels than those here reported or decompressed at slower rates. 
Nor has the effect of this drag been investigated in decompression experiments 
such as those of Buchner and Luft (3) in which animals are subjected to reduced 
pressures continuously'’ over a period of several day'-s. 

The doses of dilantin given to rats in series I and II are large. In these ani- 
mals, the form of the drug used was that intended for oral administration and 
containing a lactose diluent. Very" possibly absorption of dilantin from sub- 
cutaneously" injected sites under these circumstances was not complete at the 
time of decompression. It is noted, however, that seven rats died after sub- 
cutaneous injections of the oml preparation. Using dilantin prepared for intra- 
venous administration, the doses required Avere very" much less. Intraperitoneal 
injection of as little as 1.0 mgm. prolonged the period tolerated at 150 mm. Hg 
by" 10 to 15 gram mice Avhile the optimal dosage was 2.0 mgm. At this dose, 
dilantin increased the resistance of mice decompressed within 10 min. or as late 
as 48 hours after injection. As illustrated in tables 3 and 5, the protection 
conferred by" dilantin in terms of increase in time tolerated at a given “ceiling” 
pressure Avas greater in mice receiving 2.0 mgm. than in rats subcutaneously 
injected AA"ith 0.3 to 0.4 gram of the oral preparation. The data do not, hoAA'eA"er, 
permit any conclusion as to a possible species difference in the protectiA'e action 
of dilantin in rats and mice. 

While all dragged animals supported a graen “ceiling” pressure for a longer 
time than corresponding controls, a greater individual variation AA'as obseiwed in 
the times tolerated by" the former than by" the latter. In neither species AA'as there 
any' relation betAA'een the sex of the animals and either their tolerance to control 
decompres.sion or the increase in resistance afforded by" dilantin. Side effects 
such as tremor and ataxia were obseiwed in mice folloAA'ing all doses of dilantin 
effecth'e in increasing resistance to decompression. Doses of 2.0 and 3.0 mgm. 
not only" prolonged the interA"al tolerated by" mice at “ceiling” pressure but also 
preA"ented or mitigated and delay"ed conA"ulsiA"e episodes. IMice receding 1.0 
mgm. of the drug tolerated a longer aA"erage interA'al and showed a higher surA"iA"al 
rate than control animals although the incidence and seA"erity" of terminal 
seizures Avere unaffected. 

No conclusion can at present be draAA'n as to the mechanism of the protective 
action of dilantin in acute decompression. It may be tentatively proposed that 
the drag prolongs normal function of nerve cells, in particular of the respiratory 
and cardiac centers, under conditions of severe oxy'gen lack. The possibility 
that dilantin may' cause a generalized loAA'ering of basal metabolic rate is under 
inA'estigation. Experiments noA\' in progress indicate that dilantin also increases 
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resistance to the lethal effects of anoxia induced by means other than decom- 
pression. Since severe and closelj’’ similar neuronal lesions are found in death 
from decompression (1, 3), low ox 3 ’'gen mixtures (4), carbon monoxide (5), and 
nitrous oxide (6), as well as from h 3 ’'pogl)’'cemia (7) and electric .shock (8), studies 
are now being carried out to determine whether such pathological changes ma 3 ^ 
be prevented or their incidence effectivel 3 '’ reduced b 3 ^ administration of dilantin. 

SUMMARY 

1. A stud.y of the effect of sodium 5,5-diphen3d h 3 ^dantoinate (Dilantin 
Sodium; Parke, Da\ds & Company) upon tolerance to reduced atmospheric 
pressures has been carried out on 118 rats and 159 mice. 

2. After subcutaneous injection of dilantin, rats sustained a lower pressure 
than was possible during their control decompression. Animals survi\’ing both 
a control "ffight”, as well as decompression after drug administration, attained 
an average control “ceiling” of 35 mm. Hg, while dilantin administration enabled 
them to reach “ceilings” from 37 to 5 mm. Hg, an average of 18 ram. Hg. The 
“ceiling” was taken as the pressure at which breatliing ceased. 

3. Dilantin had a relative^’’ greater effect in raising the tolerance of rats with 
a lower control resistance than those with greater initial tolerance to decom- 
pression. 

4. Control rats decompressed at a standard rate of 100 mm. Hg per rain, to 
70 mm. Hg all died after an average exposure of 1 min. 30 sec. at this “ceiling” 
pressure, the longest exposure for a lethal effect being 1 min. 50 sec. Rats de- 
compressed under these conditions after subcutaneous injection of dilantin sur- 
vived from 3 min. 8 sec. to 10 min. 55 sec., the average lethal e.xposure being 4 
min. 47 sec. 

5. Intraperitoneal injection of 1.0, 2.0 or 3.0 mgm. of dilantin in every case 
prolonged the time tolerated b 3 '' mice to a pressure of 150 mm. Hg. Sevent 3 ^-six 
control animals were all killed b 3 ’' exposure to this pressure for 2 sec. to 3 min. 
15 sec. (average 1 min. 4 sec.), whereas with 2.0 mgm. doses of dilantin mice 
continued to breathe at 150 mm. Hg for 4 min. 5 sec. to 61 min. 30 sec. (average, 
15 min. 56 sec.) . The protective action of the ding could be demonstrated within 
10 min. and persisted as long as 48 hrs. after injection. 

6. In both rats and mice, dilantin abolished or dela 3 ’ed decompression con- 
cisions. However, with doses as low as 1.0 mgm., condsive episodes occurred 
in mice although survival time was prolonged. 

REFERENCES 

(1) Luft, U. C. Beitr, z. path. Anat. u.z. allg. Path. 99: 351, 1937. 

(2) Merritt, H. H. ano T. J. Putxajm. J. A. M. A. Ill: 1068, 1938. 

(3) Bt'CHXER, F. AXD U. Luft. Beitr. z. path. Anat. u.z. allg. Path. 96: 549, 1935-36. 

(4) Rotter, W. Beitr. z. path. Anat. u.z. allg. Path. 101: 23, 1938. 

(5) Eros, G. .and G. Priestjian. J. Neuropath, and E.xper. Neurol. 1: 158, 1942. 

(6) B.atten, C. T. and C. B. Courville. Anesthesiology 1: 261, 1940. 

(7) L.awrence, R. D., a. Meyer and S. Nevin. Quart. J. Med. 11: 181, 1942. 

(8) Alexander, L. J. Indust. Hyg. and Toxicol. 20: 191, 1938. 



THE EFFECT OF CAHBON MONOXIDE ON THE OXYHEMOGLOBIN 

DISSOCIATION CURVE 

F. J. W. ROUGHTON and R. C. DARLING 
From The Fatigue Laboratory, Harvard University, Boston, Massachusetts 

Received for publication October 29, 1943 

J. B. S. Haldane (13) was the first to study theoretically the equihbriiim be- 
tween hemoglobin and mixtures of O 2 and CO which were of insufficient concen- 
tration to saturate the hemoglobin completely. His treatment was subsequent!}'- 
amplified and modified by A. V. Hill (15), Stadie and Martin (23), Barcroft (4), 
and Peters and Van Sljdm (19). As a result of this work it has been generally 
accepted that partial saturation of the blood hemoglobin with CO shifts the 
oxygen dissociation curve of the remaining hemoglobin progressively to the left, 
and also makes the curve less S-shaped and more hyperbolic^ (“Haldane effect”). 
This indicates that the blood in vivo, if partially saturated with CO, must cling 
to its O 2 -with greater tenacity so that the tissues have much more difficulty in 
obtaining O 2 from the blood than they do when the 02 Hb of the blood is reduced 
to a corresponding extent by anemia. This deduction has been used by Haldane 
to explain why “Miners may do their ordinary work though their hemoglobin 
percentage is reduced to half by anlcylostomiasis — ^vffiereas a person whose blood 
is half saturated vith CO is practicall}’- helpless.” 

A somewhat puzzling and paradoxical feature of CO-poisoning which has 
been explained by the Haldane effect is that with mice at ver}'- low pO" the addi- 
tion of a trace of CO to the inspired air may actually help the organism 
to acquire O 2 . 

Haldane’s original theory was only tested experimentally by observations on 
the CO-dissociation curve of hemoglobin when part of the hemoglobin was com- 
bined with O2; parallel observations as to the effect of partial combination of the 
hemoglobin vdth CO on the O2 dissociation curve of the remaining hemoglobin 
were not available until the Avork of Stadie and Martin tAvelve years later. These 
authors considered that their hjqDothesis AA^as ' AA'ell supported by AAffiat they 
thought AA'as excellent agreement betAveen theory and experiment. Doctor 
Stadie in a recent conA'ersation has, hoAA'ever, permitted us to say that in his 
present opinion the agreement AA'as not as good as could be desired, particularly 
as the obserA'ations AA'ere limited to a someAAffiat narroAv portion of the dissociation 
cuiwe. 

Since the subject is of interest, alike in the theory of the hemoglobin reactions 
and in the practical study of the effects of CO poisoning both at sea leA'-el and 
high altitudes, AA'e haA'-e thought it desirable to reinA'-estigate the subject in a more 
complete fashion. In so doing AA^e have been led to some profitable simplifica- 
tions in the deA'elopment of the theor3^ It is satisfactory to find that the original 

1 Partial saturation of the hemoglobin with O 2 has an exactly similar effect on the CO- 
dissociation curve of the residual hemoglobin. 
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Haldane theory, as thus extended, has stood up Avell to our more searching 
tests and we feel that it can therefore be used with confidence in more detailed 
calculations as to the toxicity of CO especially at high altitudes. The latter 
problem has been considered, as regards its importance in aviation medicine, 
bj’’ Heim (14). 

Review of the Haldane theory and description of simplified method of application. 
When blood or hemoglobin is brought into equilibrium vath gas mixtures con- 
taining O 2 and CO at pressures such that the amount of reduced hemoglobin is 
negligible, the proportion of CO-hcmoglobin to Oo-hemoglobin is generally agreed 
to follow the equation: 

[COHb] _ MpCO , . 

[OsHb] PO 2 ^ ^ 

The value of M is independent of pH, salts and dilution of the blood, but varies 
Avith temperature, illumination and species. There is some dispute as to whether 
M varies from individual to individual in a given species; thus Douglas, Haldane 
and Haldane (11) vdth their carmine titration method of estimating COHb, 
found values of !M ranging from 220 to 290 in man, whilst IHllick (17) ivith the 
revension spectroscope reported figures of 230 to 270 in man. Sendro 3 ', Liu and 
Van Sljdce (22), however, claim that for six men M is constant at 210 to ±2.5 
per cent, and for ten different ox bloods is constant at 179 (±2.5 per cent). These 
figures are for a temperature of 37 to 38°C. 

In addition to these factors there is also the question of the presence of pseudo- 
hemoglobin in the blood. According to Barkan (5) normal blood contains small 
amounts of two pigments, pseudohemoglobin and pseudomethemoglobiu, which 
are intermediate in composition between ordinaiy hemoglobin and bile i)igments. 
These pigments are distinguished and estimated by the ease with which metallic 
iron can be split from them in acid solution. Barkan deduces, by an indirect 
method, that the value of M for pseudohemoglobin is around 10 times greater 
than that for noimal hemoglobin. 

If the sum of the pOj and pCO is not sufficient to saturate the hemoglobin and 
there is an appreciable amount of reduced hemoglobin present, the amounts of 
COHb and OoHl^ at equilibrium can be ivorked out from the 02-dissociation 
cun'e in absence of CO if Haldane’s two basal assumptions are made: 

A. That the amount of reduced hemoglobin present in a mi.xture of O 2 at 
partial pressure PO 2 and of CO at pai*tial pressure pCO, is the same as it would be 
in absence of CO if the partial pressure of O 2 ivas equal to PO 2 + IMpCO, M being 
defined as in equation 1. The amount of reduced hemoglobin can thus be read 
off from the 02-dissociation cur\'e in absence of CO. 

B. That the hemoglobin combined with gas is partitioned between COHb and 
02Hb according to equation 1 CA-en Avhen there is appreciable reduced hemo- 
globin present. 

The method of calculation noAv to be described embodies features draAvn from 
preAdous treatments especially that of J. B. S. Haldane but is simpler and in- 
a'oIa'cs fewer assumptions than an 3 '- of them. It may be most readih' e.xplained 
by Avorking through a typical example. 
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Let figure 1, curve A, represent the dissociation curve of blood in absence of 
CO but at pCOi = 40 mm., pH = 7.4, 37°C. 

It is required to find the p02 in equilibrium with the blood Avhen [COHb] = 
20 per cent, [OsHb] = 32 per cent, [Reduced Hb] = 48 per cent of the total 
hemoglobin. 

We have [COHbJ + [02Hb] = 20 + 32 = 52 per cent of the total hemoglobin. 
From figure lA it is seen that the gas pressure corresponding to 52 per cent = 
27.4 mm. 



Fig. 1. O.xj'hemoglobin dissociation curves of human blood containing varying amounts 
of carboxyhemoglobin, calculated from the observed Oj-dissociation curve of CO free blood. 

Fig. 2. Observed and calculated oxyhemoglobin dissociation curves of buffered human 
hemoglobin solutions containing varying amounts of carbo.xyhemoglobin. 

Therefore: 


pOa + ^IpCO = 27.4 mm. = pOa (^1 + C2a) 

Now by equation (1): 

MpCO _ [COHb] _ 20 
pOa [Oallb] 32 

Therefore: 

pOa + MpCO = pOa (^1 + = pOa (l +§)= 27.4 (2c) 

So pOa = 16.9 mm. 

It will be .seen that the calculated value of pOa is entirely independent of the 
values of M and pCO, Avhich are in fact irrelevant. This result is made use of 
in the experimental section and is fui’ther considered in the discussion. 

Since 

100 X per cent Oallb / (per cent OaHb + per cent Red. Hb) = 

100 X 32/ (32 + 48) = 40 per cent 
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by plotting 40 against 16.9, we obtain a point on the Oo-dissociation cun^e of the 
remaining 80 per cent of the blood hemoglobin which is not combined with CO, 
i.e., Y of figure IB. 

Similarly for [COHb] = 20 per cent, [02Hb] = 56 per cent, [Bed. Hb] = 24 
per cent of the total hemoglobin we have 

pOo = 41.2mm./(l + -fg-) = 30.4 mm. and 100 X per cent 02Hb/(per cent 
Oolib + per cent Red. Hb) = 100 X 56/(56 + 24) = 70 per cent 

thus obtaining a second point on the O2 dissociation cunm at constant COHb 
concentration = 20 per cent, i.e., X on figure IB. 

Repetition of this procedure for other selected values of the per cent OoHb 
enables the whole 02-dissociation cuiwe at 20 per cent COHb to be plotted as in 
figure 1, cuiwe B. 

Exactly the same method of calculation can then be applied for COHli percent- 
ages, e.g., of 40 per cent, 60 per cent (fig. 1, curves C and D) or of any other 
desired value. From the empiric 02-dissociation cuiwe in absence of CO we 
thus readily derive a family of cunms relating p02 to [02Hb]/([02Hb] -f [Red. 
Hb]) at selected constant values of [COHb], without making any assumption at 
all as to the equation of the 02-dissociation curve. 

Our method therefore seems preferable to most previous treatments since in 
these the validity of Hill’s equation for the dissociation cuiwe is assumed. This 
equation now has no theoretical basis and can only be used as an empirical ex- 
pression over the middle of the cuiwe, but not at the extremes. 

Experimental, A. Hemoglobin sohitions. The following data were taken 
from our earlier work (9) on hemoglobin solution in which the shifts in the O2- 
dissociation cuiwes due to COHb and methemoglobin were compared, but the 
shift due to COHb was not anatyzed at that time in relation to the Haldane 
theory. 

Cleared human hemoglobin solutions in 0.6 hi phosphate solution, pH 7.4 
at 37°C. were used. The mixtures of COHb and 02Hb were made by first equi- 
libratiog a portion of the solution with CO (tension = approx. 50 mm. Hg) and 
then mixing this solution vdth 02Hb in the deshed proportion. The mixture 
was then divided into several portions and rotated uith various mi.xtures of O2 
and N2. After this second equilibration of one or two hours, the liquid phases 
were analyzed for O2 and CO and the gas phases for O2. It was found that 
negligible CO had been lost from the liquid phase during this equilibration. It 
is certain that one to two hours’ rotation were enough to bring the O2 in the gas 
phase and the liquid phase into equilibrium with one another and with the hemo- 
globin. It is also most probable that equilibrium was complete between the 
hemoglobin and the dissolved CO, since at 37°C. Roughton’s (20) observations 
show that the half-time of chemical dissociation of COHb is only a few seconds. 
On the other hand, owing to the low pressure gradient of CO between the blood 
and gas phases it seems equalty clear (from calculations like those of Roughton 
(21) on the rate of gas-liquid exchange in manometric reactions) that it would 
take many hours for diffusion to bring the CO in the gas phase to its final equi- 
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librium value. This latter lack of equilibrium w'ould, however, only matter if 
the theory required an exact loiowledgc of the equilibrium pCO of the gas phase; 
this, as pointed out above, is not the case — all the theory requires is that the 
equilibrium in the Wood lietween tlic Hb, O 2 and CO should be complete and that 
the per cent OoHb, per cent COHb, and equilibrium pOs should be known. These 
factors are given by the blood-gas analyses. Technically it is a great advantage 
not to have to continue the tonometer equilibration for many hours, since pos- 
sibilit}'" of decomposition of the hemoglobin, and, in the case of whole blood, of 
pronounced glj’^colysis, is thereby reduced. 

Figure 2 presents a summary of these data. The three curves reading from 
right to left are, A, the measured dissociation curve of OoHb in the absence of 
CO; B, the curve calculated according to theoiy for dissociation of OaHb in the 
presence of 23.5 per cent COHb, and C, the same type of calculated curve in tlie 
presence of 32 ])er cent COHb. The solid circles (•) represent actual experi- 
mental points of a solution containing 23.5 per cent COHli. The test of the 
theory is the closeness with which these points approach curve B. Similarlj’- 
the open circles (o) represent experiments on a solution containing 32 per cent 
COHb and should lie on curve C, if the thcoiy is correct. 

It will be seen that four of the six experimental points lie on the theoretical 
curve well within the experimental error. The other tv'o points do not exactly 
fit the theoretical curve but arc not sufficiently distant to rule out some technical 
error, cspeciall}’' since these experiments were not chocked at the time to test 
this point. 

B. Human Wood. Blood of a single subject was used throughout in four 
experiments. It was drawn in the morning from an antecubital vein, mixed 
with heparin and placed m the icebox, from which portions were removed when 
needed. Fresh blood was draivn for each day’s experiments. 

A careful O 2 dissociation curve of each sample of dravm blood was determined 
with special attention to the upper half of the curve (from which the curves 
for partial conversion to COHb are chiefly calculated). In the first three ex- 
periments the tonometers for equilibration were made up with a pCOo of 40 mm. 
Hg, in the fourth with pCO^ = 25 (in addition to the desired pOo). 

Although the subject did not smoke for 12 hours prior to bleeding, there was 
always found a small per cent of COHb (4 to 5.5 per cent) in his blood. On 
figure 3 the curves of his blood are corrected to 0 per cent COHb according to 
the theory in the introduction, and from these curves the theoretical curves are 
calculated for the desired per cent COHb. It may be noted that even at the 
same pH there is slight day to day variation in. the position of the curve; thus 
it was important to determine the curv’^e at 0 per cent COHb for each day’s ex- 
periment. 

The experimental equilibrium points at the chosen per cent of COHb were 
deteimined in a manner similar to that used for hemoglobin solutions. A portion 
of the blood was equilibrated with N 2 containing CO to a pressure of 50 mm. 
Appropriate mixtures of this CO blood Avere made in a sjuingc Avith some of the 
original blood and stored in the ice-box for several hours. This allows time for 
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diffusion to bring about a uniform distribution of the CO between the red cells, 
which were initially saturated with the gas, and those which at the start were 
practically CO-free. The mixture was then equilibrated in a series of tonometers 
made up i\dth varying O 2 pressures and a PCO 2 equal to that used on the 0 per 
cent COHb curve of that day. The equilibrium time at 37° was 30 minutes. 
As with the hemoglobin solutions the CO of the blood was found not to diffuse 
into the gas phase to an appreciable extent. On theoretical grounds one should 
again expect equilibrium within the liquid phase but not between liquid and gas in 
this tune. For purposes of testing the theory the latter as shown above is not 
necessar5L 

Experiments 1, 2 and 3 were done with a pCOo of 40, thus giving a pH of some- 
what lower than 7.4 and approximating blood conditions in vivo at sea level. 
For experiment 4 a pC02 of 25 Avas chosen to approximate the extreme conditions 
in vivo vdth hyperpnea such as would occur at high altitudes. 

All blood samples were analyzed for CO 2 , O 2 and CO by the methods of Van 
)Slyke-Neill ivith some modifications of Hon^ath and Houghton (16). Tonom- 
eter gases Avere analj’^zed for O 2 and CO 2 . From these data semm CO 2 and 
pHa were calculated for each blood sample using the line chart of Peters and Van 
Slyke and the Henderson-Hasselbalch equation. The mean pH of the CO- 
containing bloods Avas taken as standard for the experiment. Among these 
CO-containing liloods the pHg never Awied more than 0.02 from the mean, but 
the points on the cui'A'-e of the blood as draiA’n Avere usually slightly less acid 
(due to shorter equilibration and therefore less glycob’^sis). The curve of 0 per 
cent COHb usually needed correction to reach the chosen standard pHs; for 
this the empirical relationship of Dill et al. (10) was used (A log. p02 = — 0.48A 
pH). For example, the observed A’-alue for one of the pomts AA'ith 0 per cent 
COHb in experiment 3 aaus 60.5 per cent 02Hb at p02 = 34.4 and pHs = 7.42. 
For correction to pHs = 7.36, A pH^ = —0.06. Therefore, A log PO 2 = — 0.48 
(—0.06) = -fO.029, and corrected PO 2 = antilog (log 34.4 -f- 0.029) = 36.0. 

Figure 3 presents the results of the four experiments, presented similarlj’’ to 
figure 2. The solid lines on the right in each graph present the measured O 2 
dissociation curve of the CO free blood. The one or tAA'o solid lines on the left 
are the theoretical curves calculated from the right hand curve. The points 
plotted are the actually obserA^ed A^alues of the CO-containing bloods. As before 
the test of the theory is the closeness of these points to the corresponding theo- 
retical curve. 

As AAuth the hemoglobin solutions, it aaoII be seen that the great majority of the 
points lie close to or on the theoretical curves. Only tAvo points out of a total of 
26 (both in expt. 2) are clearly distant from the curves. We haA^e no explana- 
tion for these discrepancies, but attribute them to undetected errors in our pro- 
cedures, since the agreement is generallj’’ good in experiment 3, Avhich is a repeti- 
tion of experiment 2. Dissociation curAm experimentation of this kind is in fact a 
somewhat exacting task, especiallj'' Avhen done in hot and humid Aveather as Avere 
these experiments; in preAdous AA'ork it has not been uncommon for one or tAvo 
points out of ten to be distinct^ out of line Avith the remainder, due presumably 
to human fallibility. 



CARBON ^MONOXIDE AND OXYHEMOGLOBIN DISSOCIATION 


23 


Discussion. Physico-chemical. The treatment based on the assumptions A 
and B (v. review of Haldane thcoiy on p. 18) was shown above to lead to deduc- 
tion of the effect of a given per cent COHb without any assumption as to the 
numerical value either of i\'I or of pCO at equilibrium. Independence of M 
indicates that tlie COHb effect ivould not bo changed either bj'^ any of the factors 
on which M depends, namely, temperature, illumination, species, or even in 
mixtures of two pigments of different M values, as may occur in blood when 
appreciable amounts of pseudohemoglobin (Barkan) arc present. The inde- 
pendence of pCO has alroad^y proved veiy advantageous in the experimental 
procedure. The whole treatment is thus more simple and comprehensive than 
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Fig. 3. Observed and calculated oxyhemoglobin dissociation curves of human blood con- 
taining varying amounts of carbo.xyhemoglobin. 


those based on pCO and numerical value of M (e.g., Stadie and Martin, Van 
Slyke, Barcroft) ; the only disadvantage is that it does not inform us of the values 
of pCO at equilibrium. These, however, are not necessary for testing the theory 
nor are they of much plwsiological importance since it is rare for a subject to go 
on breathing a CO-containing atmosphere long enough to reach complete equi- 
librium. 

So important are assumptions A and B for the whole problem that it is neces- 
sary to inquire hoAV thej’^ stand in regard to the physico-chemical theories of the 
02-hemogIobin equilibrium. Their relation to two of the older theories has 
alread.y been considered by Haldane and A. V. Hill. The subsequent measure- 
ments of the osmotic pressure and molecular weight of hemoglobin by Adair 
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(1, 2) and by Svedberg (24) have, however, sboRTi that the main postulates both 
of the Haldane and the Hill theory are invalid; the only offshoot of either of these 
theories which still survives in the literatm’e is Hill’s equation for the 02-hemo- 
globin equilibrium, this being retained and used only on account of its conven- 
ience as an empirical expression. On the other hand, wide acceptance has been 
and is still given to the intermediate compound hypothesis, first put forward in 
general form by Adair (1, 2,) and subsequently developed along a special and 
very fertile line by Pauling (18). According to Adair’s Iwpothesis the reaction 
between O2 and hemoglobin takes place in four stages: 

O2 -b Hb4 ^ Hb402, [Hb402] = Ki [O2] [Hb4] = Kipz (3) 

O2 -t- Hb402 Hb404, [Hb404] = K2 [O2] [Hb402] = KiK2P==Z ( 4) 

O2 Hb404 Hb40G, [Hb40c] = K3 [O2] [Hb404] = KiKoKzP^z (5) 

O2 -b Hb406 Hb408, [Hb408] = K4 [O2] [Hb406] = KiK2K3K4P^z (6) 

where [O2] = p, [Hb4] = z and Ki, K2, K3, K4 are the equilibrium constants of 
the respective reactions. Similarly the reaction of CO with hemoglobin takes 
place in four stages: CO -b Hb4 ^ Hb4CO (equilibrium constant Li), CO -b 
Hb4 CO ;=± Hb4(CO)2 (equilibrium constant L2), etc. The fact that the disso- 
ciation curve of oxyhemoglobin agrees exactly with that of carboxyhemoglobin 
if the scale of gas pressures is altered M-fold is most simply explained bj' as- 
suming Li/Ki = WHa == L3/K3 = L 4 /K 4 = M. Roughton (20) has applied 
the intermediate compound hypothesis to the equilibrium lietween CO, O2 and 
Hb when the pressures of the two gases are such as to saturate the hemoglobin 
almost completely: no previous attempt has been made, so far as we Icnow, to 
handle, on the basis of the intermediate compound hypothesis, the equilibrium 
between CO, O2 and Hb when appreciable amounts of reduced hemoglobin are 
present, as in the experimental work of this paper. We shall now show that 
assumptions A and B fit in readiW with the intermediate compound hypothesis, 
if a few additional and reasonable assumptions be made. 

Consider first the intermediate compounds in which onW one of the four gas- 
combining spaces of the hemoglobin molecules is occupied, Hb402 and Hb4(CO). 

Let [Hb4] = z, [O2] = p, [CO] = q 

Then [Hb402] = KiPz and [Hb4(CO)] = Liqz 

From this it follows that the ratio of combined CO to combined O2 = 
[Hb4(C0)]/Hb402] = Liq/Kip = i.e., assumption B holds. 

Also the total number of molecules of combined gas (O2 -b CO) = [Hb402] -b 
[Hb4(CO)] = (Kip -b Liq)z = (Kip -b KiqLi/Ki)z = Kj (p -b Mq)z, wliich 
according to equation (3) is the same as the number of molecules of O2 which 
would be so combined, if no CO was present but the O2 pressure was equal to 
(p -b Mq), i.e., assumption A holds. 

Next consider the intermediates containing 2 molecules of gas, i.e., Hb404, 
Hb402 (CO), Hb4(CO)2. 
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We then have Hb404 = KiK 2 P^z 

Hb4(CO)2 = LiLaq^z 
Hb 402 (C 0 ) = KiL'spqz 

where L '2 is the equilibrium constant of the reaction CO + Hb 402 ^ Hb 402 (C 0 ) 

_ velocity constant of reaction Hb402 + CO — » Hb 402 (C 0 ) 
velocity constant of reaction Hb402(C0) — > CO + Hb 402 

We now introduce the new assumptions to Avhich we haA^^e alreadj’- referred. 
Let us assume that the A'^elocity constant of the reaction CO + Hb402 — > 
Hb402(C0) is the same as that of the reaction CO+ Hb4CO Hb4(CO)2, i.e., 
the chance of CO combining AAuth a molecule of hemoglobin in AALich one of the 
four spaces is already occupied is the same vdiether that one space is occupied by 
O2 or CO: furthermore, assume on the same general grounds that the velocity 
constant for the dissociation reaction Hb402(C0) — » Hb402 + CO is half that of 
the dissociation reaction Hb4(CO)2 — ^ Hb4CO + CO since in the latter case 
there are tAA^o CO molecules available to dissociate AAdiereas in the former there 
is only one. 

If these assumptions are accepted L 2 = 2 L 2 

The ratio of combined CO radicals to combined O 2 radicals in the intermediates 
containing two molecules of gas then 

_ [Hb402(C0)] 4 - 2[Hb4(CO)2l _ KiLzpqz + 2LaL2q"z 

2[Hb4(02)2l + [Hb402(C0)] 2KiK2p2z + KiL^pqz 

_ 2KiL2pqz + 2LiL2q^z _ KiLzqCp + Liq/Kg) 

2KiK2P"z + 2KiL2pqz KiK2p(p + L2q/K2) 

= KiLzqCp + Mg) ^ ^ 

KiK 2 P(p + Mq) p 

i.e., assumption B holds for the 2-molecule containing intermediates as well as 
for the 1-molecule containing intermediates. 

The total number of gas molecules combined in the 2-molecule intermediate 
form 

= 2[Hb404] -1- 2[Hb402(C0)] + 2[Hb4(CO)2] = 2KiK2p''z -f 2K4L2pqz -f 
2LiL2q^z 

= 2KiK2P^z -p 4KiL2pqz -j- 2LiL2q^z = 2KiK2z(p^ + 2pqL2/K2 + q^L{L2/ 
K 1 K 2 ) 

= 2E:iE: 2Z (p2 -1- 2Mpq + M2q2) = 2 K 1 K 2 (p -}- Mq)2z 

Thus the total number of gas molecules combined both in the 1-molecule and 
the 2-molecule containing intermediate = Ki(p + Mq)z + 2KiK2(p + Mq)“Z. 
This according to equations (3) and (4) is the same as the number of molecules 
of O 2 which could be so combined if no CO AA'as present and the O 2 pressure Avas 
equal to (p 4- Mq), i.e., assumption A again holds. 
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The same arguments can in turn be applied to the 3-molecule and 4-molecule 
containing intermediates: the calculation process becomes progressively more 
complicated but the end result'is the same, namelj^ the maintenance of assump- 
tions A and B. Thus with relatively few and reasonable auxiliary assumptions 
the two main postulates on which the calculation of the 02-hemogiobin dissocia- 
tion curve in presence of CO is based, can be reconciled with the general form 
of the intermediate compound hj^pothesis proposed by Adair. The same result 
is reached with Pauling’s special form of the intermediate compound hypothesis 
if similar reasoning and auxiliary assumptions arc used, so the detailed working 
out in this case may be left to the reader who wishes to undertake it. It may be 
noted that Pauling’s interaction constant, a, must be assumed to remain the 
same whether the neighboring molecule which exerts its interaction effect is 
O2 or CO. 

In a recent paper we have shown that partial conversion to methcmoglobin 
also shifts the Oa-dissociation curve of the remaining curve to the left. In five 
out of eleven cases the shift was almost exactlj’- equal to that found with the same 
amount of COHb, but in the other si.x cases the .shift Avas onl}’’ about half as 
great. The causes of this variability have not j^et been worked out, but at all 
events we feel convinced that the explanation of the methcmoglobin effect must 
be qualitatively of the same type as that of the COHb effect. Further support 
for this is given lay our oljservation that the two effects were additive. Conant 
and Fieser (6) suggested tlmt the equilibrium between O2, O^Hb, IMetHb, ferri- 
cyanide and ferrocyanide could be expressed by the equation : 

[MetHb] _ N[ferricyanide] ,r.\ 

[02Hb] p02[ferrocyanide] 

Equation (7) is analogous to equation (1), where N is an equilibrium constant 
and if similar a.ssumptions to (A) and (B) hold good in the case of MetHb, 
the effect of the latter on the 02-dissociation curve should be calculable by 
equations (2a), (2b) and (2c) with MpCO replaced by N [ferricyanide]/[ferro- 
cyanide] and [C0Hb]/[02Hb] by [MetHb] /[02Hb]. The actual shift of the dis- 
sociation curve would thus only depend on the fraction [i\IetHb]/[02Hb] and 
not on N, [ferricyanide] and [ferrocyanide] except insofar as these determine 
[MetHb]/[02Hb]. It should furthermore be the same for a given [MetHb] as for 
the same [COHb], as indeed we found in 5 out of 11 cases. 

The actual values of N, as calculated by Conant and Fieser from a series of 
experiments in which Hb Avas treated Avith various amounts of ferriej’^anide and 
equilibrated Avith O 2 , shoAv, hoAAm’^er, a rather A\-ide scatter. In subsequent data 
by Conant and Scott (7) on the corresponding equilibrium betAveen CO, COHb, 
MetHb, ferric 5 '’anide and ferrocyanide, no actual calculations of the equilibrium 
con.stant are quoted by the authors. The figures given by them are, lioAveA^er, 
adequate for this purpose and AA^e have Avorked out the A’^alue of the equilibrium 
constant = pCO[MetHb] [ferrocyanide]/[COHb] [feiTicyanide] from their experi- 
mental data on solutions equilibrated AAuth pure CO. The A^alues of the constant 
unfortunately shoAV a scatter of at least 10-fold. It therefore seems scarcely 
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safe at present to apply any quantitative theory on this basis to the effect of 
MetHb on the 02-dissocia.tion curve. 

Physiological discussion. In subjects exposed to carbon monoxide, two 
important problems arise. 1. How fast does the per cent COHb in the blood 
increase? 2. lAdiat is the effect of a given per cent COHb in the blood on the 
loading and unloading of O2? The rate and ex'tent of the rise of per cent COHb 
depends upon the pCO, p02 in the air breathed, the time of exposure and the 
ventilation rate. These factors have already been investigated in other labora- 
tories and are to lie dealt with more full3'’ in forthcoming papers from this labora- 
toiy. We shall here concern ourselves with problem 2. 

To begin vith we must establish that the effect of COHb on the 02-dissociation 
curve as determined in vitro in the experimental section also applies quanti- 
tativelj'’ in circulating blood during gas exchange in the capillaries. When there 
is no COHb in the blood, the 02-dissociation curve of the blood as determined in 
vitro is generallj’' assumed to applj'' also in vivo, since the rate of exchange of O2 
between chemical combination with Hb and ph3'sical solution in the red cell and 
plasma is Icnown to be so fast. The presence of appreciable COHb introduces 
two possible complications: 1, that its amount might change during the passage 
of the blood through the capillaiy, and 2, that the distribution of CO between 
chemical combination and jibysical solution might not be fast enough for the 
equilibrium state to be preserved throughout the capillaiy phase. In regard 
to the first point the diffusion pressure of dissolved CO in the blood is so low that 
it is unlikely that an3'’ gain or loss in total CO of the blood could occur during a 
single passage of blood tlu’ough the tissue capillaiy except perhaps in the case of 
muscle, where there is possibihty of veiy rapid combination with the appreciable 
amounts of myoglobin contained therein. That the average change for all the 
capillaries of the body is not significant is shown b3'' the observation that in the 
whole animal the per cent COHb in the blood after exposure to CO normally 
takes several hours to drop to half its value. As regards the second point it is 
true that the unloading of O2 in the capillaiy leads to an increased concentration 
of reduced hemoglobin in the blood which in turn will cause transfer of a minute 
amount of CO from ph3"sical solution to combination ivith Hb. Suppose in a 
t3’^pical instance that blood entering the capillar3^ contains 30 per cent COHb, 
67 per cent 02Hb, p02 = 100 mm. Hg, pCO = 0.21 mm. Hg, and leaves the 
capillary vdth 35 per cent 02Hb. Reference to figure 1 and to equations (2a), 
(2b) and (2c) shows that the PO2 in the venous blood vdll be 19 mm. and the 
pCO = 0.08 mm. The drop in pCO will thus only amount to 0.13 mm. and the 
corresponding rise in per cent COHb will be onl3’' about 0.002. From Roughton’s 
data it can be calculated that the time for such a change is about 0.01 sec., which 
is 1 /lOO or less than the average time spent b3' the blood in the capillary. At 
each instant during passage of blood through the capillaiy the CO as well as the 
O2 is therefore effectively in equilibrium between chemical combination and 
plysical solution. As regards O2 distribution the condition of the blood accord- 
ing^’' traverses the 02-dissociation corresponding to the assigned [COHb] of the 
blood. As regards CO, the [COHb] remains effectively constant whereas the 
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pCO traverses a coui-se which cannot be measured directlj^ but can be calculated 
as in the example just given. All these considerations make it evident that the 
evaluation of the shift of the 02-dissociation curve in terms of the COHb content 
is much more apposite from the physiological viewpoint as well as more con- 
venient from the experimental angle than is its evaluation in terms of pCO. 

The smaller amount of hemoglobin available for O 2 transport in CO poisoning 
together with the shift of the dissociation curve of the residual Hb to the left 


HUMAN BLOOD pHs=7.40 



Fig. 4. Calculated Oj-dissociation curves of human blood containing varying amounts 
of carboxyhemoglobin, plotting the absolute amounts of bound O 2 rather than the percent- 
age of available hemoglobin bound to Oj. 


(cf . fig. 1) were considered by Haldane as additive factors in explaining the special 
handicap to the organism in O 2 unloading. Actually, however, the recent obser- 
vations of Asmussen and Chiodi (3) do not indicate as sevei’e a handicap as might 
be expected from this line of approach. Thus at rest, at light work and at heatT 
work 33 per cent COHb in the blood led to no appreciable change in the O 2 con- 
sumption per minute nor was any change found in the cardiac output, increase in 
which might have compensated for the adverse effect of change in the dissociation 
emwe. In a later paper (8) such compensation was, however, shown to appear 
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in resting subjects when the per cent COHb exceeded 40. For these reasons we 
feel that the alternative method of plotting given in figure 4 (and independently 
used by Dr. J. R. Pappenheimer) is more appropriate for physiological use than 
that adopted bj?’ Haldane. Here the total amount of bound O2 is plotted against 
pOo instead of the amount relative to the available hemoglobin as in figure 1. 
It will be seen that the curves for the various percentages of COHb are widely 
different at the higher Oo pressures but are almost coincident at the lower 
pressures. 

In normal man at rest at sea level only the upper half of the steep part of the 
02-dissociation curve is made use of in O2 unloading, the lower half (i.e., 10-25 
mm. pOo) of the steep part being kept as a reserve, Avhich is onl}'' called upon in 
exercise or in pathological conditions. In the presence of COHb it seems clear 
that this reserve could be called upon if the shape and portion of the 02-dissocia- 
tion curve as plotted in figure 4 in the 10 to 25 mm. pOo range was about the same 
as in the absence of COHb. Figure 4 shows that the dissociation curves over 
this low range are very much the same for all per cent COHb within 0 to 40, and 
therefore the O2 uptake can be kept stead5’- just by using up more or even all of 
the reserve normallj'- available from the shape of the dissociation curve. Above 
40 per cent COHb figure 4 shows that the type of reserve given by the dissocia- 
tion curve rapidty becomes exhausted and it is therefore not surprising that a 
dangerous situation rapidty develops. The carotid sinus is generally supposed 
to be sensitive to the p02 rather than to the O2 content of the arterial blood, and 
since in CO poisoning at sea level there is no change in arterial PO2, there is no 
stimulus of the sinus to provide compensatoiy increase in heart output or venti- 
lation, as there is when breathing air of low p02. The lack of such compensation, 
together with depletion of reserve, explains the sudden collapse at rest if the per 
cent COHIo is increased above the critical level of 40 to 50 per cent COHb. Rest- 
ing subjects at or even below this critical level frequently collapse if the}’" take 
mild exercise : the reason for this is that the reserve, though adequate in rest, is 
no longer big enough to supply the increased need of the bodj'' in work. 

The curve for 40 per cent anemia is also presented in figure 4 to demonstrate 
again the marked difference as regards O2 unloading from that which obtains 
when 60 per cent of the Hb is combined Avith CO rather than merely absent. 
The anemic subject has the further adA’^antage of loAA^ered blood Auscosity, AA’hich 
maj’’ lead in turn to an earlier and more pronounced compensatory increase in 
circulation rate than that found in CO-poisoning. 

Figure 4 is also speciall}^ useful in another connection. At A’-eiy Ioav O2 pres- 
sures Haldane and L. Smith (12) made the startling obsei’A^ation that mice might 
be actually benefited by the addition of small amounts of CO in the inspired air. 
Haldane explained this in terms of the appreciable increase in O2 which the blood 
AA'ould take up A\4ien exposed to a low loading O2 tension in the presence of COHb, 
OAAung to the shift to the left in the dissociation cuiwe produced by the latter. 
We must also, hoAveA^er, consider Iioav much O2 remains bound to the Hb at the 
unloading tension at the venous end of the capillaiy, since no benefit aa411 result 
to the organism unless the difference betAveen the bound O2 at the beginning and 
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end of the capillar^’- is increased. Thus with an arterial pOj of 20 mm. and a 
venous p02 of 12 mm., the O 2 unloaded is, (v. fig. 4) 3.5 vols. per cent in the case 
of CO-free blood, is onl}’- 3.2 vols. per cent in the case of blood containing 20 
per cent COHb. On the other hand the O 2 unloaded between an arterial p02 
of 12 mm. and a venous pressure of 4 mm. is 2.7 vols per cent for CO-free blood 
and 2.9 vols. per cent in the case of 20 per cent CO-blood. At pressures above 
20 mm. the unloading from CO-free blood is progre.ssivety better than from CO- 
containing blood; it is only in the region of the lower inflection of the dissociation 
cm-ve that the opposite effect is seen to occur. Since pressures in the neighbor- 
hood of 12 mm. are lower than man can tolerate, it does not appear possible that 
the Haldane-Smith effect could ever be observed in man. In the case of mice, 
however, the 02 -dissociation curve of the blood is shifted greatly to the right of 
man, the affinity being onh" about one-third in this region : the critical O 2 tension 
at which a beneficial effect of CO might occur would therefore be expected to be 
about 3 times greater, nameb’-, at 36 mm. Haldane’s observations have shown 
that mice in absence of CO can vdthstand O 2 pressures in the inspired air as low 
as 36 mm., and so in this species the Haldane-Smith effect should manifest itself 
quite definitely. From this method of attack it will be seen that whether or not 
any given species of animal \rill benefit from small amounts of CO when exposed 
to very low O 2 pressures will depend both on the position of the 02 -dissociation 
curve and on the critical value of O 2 pressure in the inspired air at which brain 
function fails, i.e., the ox 3 ^gen ceiling. 

CONCLUSIONS 

1. A simplified method is proposed for calculating the 02-dissociation cmwe of 
OoHb in the presence of a given per cent of COHb. It utilizes the observed 
dissociation curve of 02 Hb without CO and the theoretical assumptions of the 
partition of Hb between O 2 and CO; but avoids an 3 " equation for the hemoglobin 
dissociation cmve and does not require the choice of a numerical value for the 
partition coefficient M. 

2. The theory was tested in hemoglobin solutions in 0.6 M phosphate buffer 
pH 7.4 at two percentages of COHb and found to agine excellently with four out 
of six obseived points, and the discrepancy in the remaining two was not very 
serious. 

3. Whole blood showed generally excellent agreement between theory and 
obseiwation when similarb'^ tested at pC02 = 40 per cent and COHId approxi- 
mately 20, 40, 60 per cent, and at pC02 = 25; per cent COHlr = 22. 

4. The relation of the fundamental assumptions of the theory to the inter- 
mediate compound h 3 ’^pothesis of the 02 -hemoglobin equilibrium is worked out. 

5. It is shown that the effect of COHb on the Oa-dissociation cuiwe in vivo 
should be quantitatively the same as the experimentally observed effect in vitro. 

6. Plotting of O 2 pressure against total bound O 2 rather than against the frac- 
tion of the available hemoglobin bound with O 2 is shown to give clearer indica- 
tions of the effect of COPIb on the transport of O 2 . In particular the conditions 
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under whicli a, O2 supply would liegin to fail, and h, small amounts of CO would 

have a beneficial effect at very low O2 pressures (Haldane-Smitli effect) are 

demonstrated. 
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It is generally believed that the various functions of the thyroid gland, in- 
cluding its effect on the heart, are the result of the metabolic stimulation pro- 
duced by the th3'roid secretions (1), and that thju-oxine, as such or as prosthetic 
group in a complex substance, is the hormone responsible for all these effects 
(2-5). Recentlj’', ho\vever, jMej-’er and co-workers have claimed that thja’oxine 
does not have a stimulating effect on the heart proportional to its ability to 
augment metabolism; the effective cardiotropic agent of the thju’oid was con- 
sidered to be present in an acid-soluble fraction of the gland (6-10). 

Because of the possibility of error in determination of the cardiac rate in 
rats by the method of palpation employed b3’’ j\'Ie3'er, it was decided to estimate 
the heart rate b3’- means of the electrocardiograph after administration of thy- 
roxine or various other th3Toid compounds. In addition, the effect of dinitro- 
phenol was e.xamined in order to evaluate the cardiac effect of another t3’’pe of 
metabolic stimulant. 

Methods. Male rats weighing 130 to 150 grams were th3’Toidectomized and 
treated with various substances in the doses indicated in table 1, administered 
in two daily subcutaneous injections starting from the day of operation. The 
substances were dissolved in water with as little sodiiun h3"droxide as possible, 
with the exception of diiodot3wosme, which was given in suspension in water 
or in N/lOO NaOH. S3mthetic dLth3TOxine was used in doses of 3 to 3000 
micrograms daily. The greatest dose of th3Toxine administered, 3000 micro- 
grams dail3’', proved lethal in 5 of 7 animals. The experiment was carried out 
in June and Jul3'' (room temperature in the •\dcinit3' of 28°C.) so that heat may 
have been a contributing factor in these deaths. 

The heart rate was determined b3’' the electrocardiographic method at 8, 15 
and 21 days after starting treatment. Electrocardiograms were obtained b3^ 
means of needle electrodes inserted imder the skin on each side of the chest, and 
were recorded on a Sanborn Cardiette in some instances and in others by means 
of a General Electric Oscillograph and suitable amplifiers. Records were taken 
first v.-hile the animals were full3’' conscious and restrained manually or on a 
board, and later within 15 to 25 minutes after intraperitoneal injection of 30 
mgm. of nembutal per kgm. The rectal temperature was taken in the anes- 
thetized animals between the 5th and 15th minute after nembutal injection. 

^ We are grateful to ^Ir. Paul Blanc, Director, Hoffmann-La Roclie, Limited, Montreal, 
for the thjToxine derivatives employed in these studies. 
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Finally the oxygen consumption Avas detei-mined by the method of Williams, 
Phelps and Burch (11), and tlie rate of respiration Avas recorded. Although 
nembutal someAA'hat depresses the metabolic rate, regular and consistent results 
Avere obtained in our experimental conditions (28°C.). 

Dinitrophenol AA'as administered subcutaneousl 3 ^ in doses of 15 mgm, per 
kgm. of body AA'eight tAA'ice dailj^ during the first tAA’o AA'eeks after operation 
and three times dail}- during the third AA'^eelc. The measurements reported in 
table 1 AA'ere obtained before the first morning injection, and shoAA'ed that the 
increased metabolism due to the drag had completel}^ disappeared b 3 ^ that time. 
It AA'as therefore necessan^ to perfoim acute expeiiments in AAdiich the heart rate 
AARs deteimined at the height of metabolic stimulation due to dinitrophenol. 
Eight animals (4 nomial and 4 th 3 ^roidectomized rats) receraed 15 mgm. of 
dinitrophenol per kgm. b 3 '' intraperitoneal injection (table 2); and four animals, 
including 2 normal and 2 tlyroidectomized, receraed a single dose of 40 mgm. of 
dinitrophenol per kgm.; the latter dose AA'as lethal in three of them (2 normal, 
1 th 3 *roidectomized). In all these animals the heart rate, breathing rate, 
metabolic rate, and bod 3 '- temperature AA-ere recorded at intervals of 15 minutes 
for 1 to 2 hours. 

Results. Th 3 U’oidectom 3 ’' produced a decrease in the heart rate AA'hether the 
animals AA^ere restrained or anesthetized (table 1). A significant diminution 
AA'as obsei-ved in bod 3 '- temperature and ox 3 '-gen consumption but not in rate of 
respiration. 

The cardiac rates of animals receiving th 3 a’onine, dinitrophenol, potassium 
iodide, and diiodot 3 a-osine did not differ significantl 3 ’- from those found in the 
th 3 a-oidectomized gi'oup, Diiodoth 3 'i’onme (412 micrograms dail30 raised the 
heart rate to the noimal range. A dail 3 ^ dose of 3 micrograms of th 3 ’’roxine also 
produced a significant increase in the heart rate. The A'^alues obtained AA-ere 
comparable to the loAver ones encountered in normal controls. Bod3’- tempera- 
ture and rate of respii-ation closed’' approached noimal Amlues. With 30, 300 
and 3000 micrograms of th3U’oxine, superaoimal values, increasing AA'ith the dose, 
Avere obsen’-ed for bod3^ temperature, respiratoiy rate, metabolism, and heart 
rate. The A’^alues for heart rate in conscious restrained animals Avere consistent^ 
higher than after anesthesia. The magnitude of this difference A’-aried con- 
siderably in the seA^eral groups, but these A’-ariations did not seem significant. 

The values found in each group AA-ere similar at 1, 2 or 3 Aveeks after the begin- 
ning of injection (fig. 1). HoAA'ever, in tlyroidectomized animals recehong 
no therapy or ineffective therap3'- the A’-alues for the heart rate kept on decreasing 
during the three AA'eeks, although the decrease Avas smallest during the third 
Aveek. The thyroxine-groups shoAved a Ioav point at the second Aveek, the 
significance of AA'hich is doubtful. 

The lack of effect of dinitrophenol on the heart observed in the experiment 
summarized in table 1 Avas also found during the period of metabolic h3^per- 
activity (table 2). In doses of 15 mgm. per kgm. the drag doubled or almost 
doubled metabolism and the rate of respu’ation, Avhile A'ariations in heart late 
AA’ere of doubtful significance (table 2). A definite effect on the heart aa^s 
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noted onl 5 ^ after injection of a lethal dose of dinitrophenol (40 mgm. per kgm.). 
In these conditions the body temperature rose to over 40°C. in 2 normal rats 
and to 39 and 37.5°C. respective!}* in 2 th5'Toidectomized rats; the breathing 
rate was doubled or tripled in all. The maximal heart rate found after injection 
represented an increase of 14 and 65 per cent in the 2 normal, and of 29 and 0 
per cent in the 2 th 3 a-oidectomized rats respectively. Therefore, a rise in 
metabolism, which was high enough to have caused 3 of the 4 animals to die, 


TABLE 1 


Effect of thyroxine and derivatives on body temperature, oxygen consumption, and 
heart rale, after a 21 -day treatment 


Control 

ThjToidectomy 

Thyroidectomy and 

thj’Tonine 

Thyroidectomy and 

dinitrophenol 

Thyroidectomy and 
potassium iodide. . 
Thyroidectomy and 
diiodotyrosine — 
Thyroidectomy and 
diiodothyronine. . 
Thyroidectomy and 

3y thyroxine 

Thyroidectomy and 

SOy thyroxine 

ThjToidectomy and 
300y thyroxine . . . 
Thyroidectomy and 
3000y th 5 'roxine. . . 
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OXY- 

HEART RATE 
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a ^ 
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CON- 
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TION 

Xem- 
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Re- 
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viffm, 
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day 

degrees C. 

per min. 

tilers 

per 

sq.m. 

per 

day 

per 

min. 

per 

mtn. 

per 

min. 

10 



37.5zfc0.1 

64± 7 

154 

379:h 9 

431±21 

-f52 

9 



36.7d:0.2 

60± 6 

116 

265±12 

339±11 

+74 

6 

0.825 

0 

36.5d=0.1 



289i2S 

320±25 

+31 

7 

4. 2-6. 3 

0 

36.5i0.2 

52d= 9 

104 

254± 7 

367± 7 

+123 

5 

7.670 

5.850 

36.7±0.2 



303±20 

394±1S 

+91 

10 

10.000 

5.850 

37.0±0.1 

55± 8 

115 

293±11 

370±22 

+77 

7 

0.412 

0.200 

37.1±0.3 



371 ±28 

411±13 

+40 

6 

0.003 

0.002 

37.2±0.1 

72± 5 

148 

344-^21 



4 

0.030 

0.020 

.38.1±0.1 

llOilO 

254 

478±13 

527±10 

+49 

8 

0.300 

0.200 

38.2±0.2 

101± 8 

321 

505±17 

OoSrtlS 

+53 

2 

3.000 

2.000 

38.6 



574 

647 

+73 


increased the heart rate markedly in 1 animal, slightly in 2, and not at all in a 
fourth. Incidental!}*, it was noted here, as is also apparent in table 2, that the 
metabolic stimulation was less and of slower onset in the thyroidectomized 
rats than in intact controls. 

Discussiox. The heax-t rates found here are in agreement with the electro- 
cardiographic values found in normal (12, 13, 14) and thyroid-treated (15, 16) 
rats, but not with the figures obtained by the methods of palpation (5, 6-10). 
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Thus Mej^er and co-workers reported that the heart rate of thyroidectomized 
rats deteimined b}'- palpation varied between 170 and 200 beats per minute; 
with dailj’’ doses of 3 micrograms of th^Toxine per 10 grams of body weight for 



Fig. 1. Relation of heart rate in thjToidectomized rats (nembutal anesthesia) to dosage 
and duration of treatment with tlpwoxine, TX, diiodotyrosine, DT, dinitrophenol, DINI; 
as compared to intact animals (CONTROLS) and untreated thyroidectomized rats, TOMY. 
Each group was started with 6 animals. Figures in parentheses indicate the number of 
survivors, from which the figures used in the chart were obtained. 


TABLE 2 

Effect of injection of IS mgm. of dinitrophenol per kgm. on heart rate, breathing rate, 

and oxygen consumption 



BEFORE INJECTION 

30 itINCTES AFTER INJECTION 

3UXIMAI. VALUES FOUND 

Heart rate 

Breath- 
ing rate 

Heart rate 

Breath- 
ing rate 

Oxj’gen 

consump- 

tion 

increase 
(over 
preinjec- 
tion value) 

Heart rate 

• 1 

Breath- 
ing rate 

O-tygen 

consump- 

tion 

increase 
(over 
preinjec- 
tion value) 

Normal 

per min. 

341 

(278-412) 

per min. 

62 

(44-79) 

per min. 

356 

(32&-482) 

per min. 

113 

(90-136) 

per cent ' 

86 

(80-92) 

! 

per min. 

379 

(312-450) 

per min. 

123 

(95-136) 

per cent 

118 

(113-122) 

Thyroidec- 

tomized 

245 

(227-262) 

53 

(38-78) 

245 

(214-263) 

84 

(66-124) 

52 

(38-65) 

1 

260 

(242-278) 

' 91 

(66-124) 

80 

(54-106) 


The figures in parentheses indicate the extreme variations. 


3 daj’^s, the increase in heart rate was onl 3 '' about 30 per minute. In our rats 
given 30 micrograms of thjTOxine dailj’", that is to say about 2.1 micrograms 
per To grams of body weight, the heart rate exceeded that of thyroidectomized 
controls by more than 200 beats per minute. The effect on the heart of the 
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smallest dose of thyroxine used, namely, 3 micrograms (or 0.21 microgram per 
10 grams of body weight per day) was quite clear, increasing the heart rate by 
79 beats per minute. This was in marked conti’ast to the inactivity of thyronine, 
diiodotyrosine, and potassium iodide, and to the activity of diiodoth 3 Tonine, 
which in a dose of 412 micrograms daily was not significantly more effective 
than 3 micrograms of th 5 ’'roxine. Therefore, the effect of thyroxine on the 
heart appeared highly specific, and it seems .superfluous to postulate the existence 
of other active compounds to explain the cardiotropic effect of the thyroid. 

The results in table 1 show good agreement between the values for metabolic 
and cardiac rates, as far as the thyroid substances are concerned. In the case 
of dinitrophenol, however, there was a discrepancy’’ between metabolic and 
cardiac stimulation. During periods of marked metabolic hyqjeractivity pro- 
duced bj’^ this ding (table 2), the heart rate was either not influenced or only’’ 
slightly’’ affected. There was a clear-cut discrepancy’’ between the variations 
in body’’ temperature and breathing rate, which were directly’ related to the 
intensity’ of the metabolic stimulation, and the heart rate, which was hardly’ 
affected by’ considerable variations in metabolism. These results implied that 
the heart stimulation due to thy’roxine or thywoid preparations "was not solely’ 
the result of the general metabolic hy’peractivity’’, but was pi’obably due to a 
direct effect of these substances on the heart. That this is actually’ the case was 
indicated by’ the work of Markowitz and Yater (17), showing that thyroxine 
increased the rate of contraction of embiyonic cardiac muscle in tissue culture. 

The incidental obsen’ation that dinitrophenol was somewhat less effective 
on the metabolism in thy’roidectomized than in normal rats (table 2) may’ be 
contrasted with the fact that much greater increase in metaboIi.sm is produced 
by’ thy’i'oid hoimone in thy’roidectomized than in normal subjects (1, 18). 

SUMJIARY 

1. Thy’roidectomy’ decreases the heart rate of the rat from 431 to 339 beats 
per minute in fuUy’ conscious, restrained animals, and from 379 to 265 beats 
per minute in anesthetized animals, on the average. A dose -of 3 micrograms 
of thy’i'oxine daily’ restores the heart rate almost to normal, while doses of 30, 
300 and 3000 micrograms give values above normal, reaching in the case of the 
highest dose 647 in conscious and 574 in nembutal-treated rats. 

2. Diiodothyronine in a dose of 412 micrograms daily in thy’roidectomized 
rats raises the heart rate to the normal range. Thy’ronine, diiodoty’rosine, 
and potassium iodide appear to have no effect on the heart of the thy’roidecto- 
mized rat. 

3. In general, thyroidectomy reduces, and graded doses of thyroxine increase 
in a parallel fashion heart rate, body’ temperature, breathing rate, and oxy’gen 
consumption. 

4. Dinitrophenol stimulates breathing rate and body’ temperature along with 
oxy’gen consumption, but it affects the heai’t rate only’ slightly’. This discrep- 
ancy’ suggests that for the most part the effect of thy’roxine on the heart rate 
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is not the consequence of general metabolic stimulation but is due to a direct 
effect on the heart. 

5. ThjToxine appears to be the specific heart-stimulating agent in th 3 '-roid 
preparations. 
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It has been demonstrated (1) that in rats maintained on a constant diet an 
adaptation of the chief pancreatic enzymes to the predominant constituent of 
the diet occurs. Thus, a high carbohj'^drate diet produced a pronounced increase 
in the amylase content of the pancreatic tissue, a high protein diet resulted in 
greatly increased trypsin content, Avhereas a high fat diet caused no important 
alteration in lipase (table 1). It Avas further demonstrated in the dog that the 
relath-e concentration of the chief pancreatic enzymes in pancreatic juice paral- 
lels that existing in the pancreatic tissue. 

'Previous investigators of the problem of adaptation of pancreatic enzymes 
to the diet (literature cited in our previous paper (1)) haA-e not considered the 
mechanism of this adaptation. A consideration of the possible mechanisms con- 
cerned sugge.sts three possibilities: one, a reflex secretory mechanism in AAdhch, 
for example, increased protein in the intestine Avould reflexlj’’ stimulate the 
production of trypsinogen; two, a hormone mechanism in Avhich, for example, 
increased protein in the intestine AA'ould cause a hormone to be formed AA’hich 
Avould specificallj'- excite trypsinogen formation; and three, a humoral mechanism 
in AAdiich, for example, the digested products of protein in the blood stream Avould 
excite the formation of trypsinogen. Another question is also invoRed, namely, 
is it, for example, an excess of undigested protein or of partiallj' or completelj’’ 
digested protein that is serAung as a stimulus in the intestine or in the blood 
stream. 

The following experiment aa'es performed to proAude information bearing on 
the foregoing questions. 

Methods. Thirty-seven young Avhite rats (150-250 grams) served as ex- 
perimental animals. The animals Avere divided into four groups, ten animals 
in each group, except for one group of seven. Group one Avas fed a Iralanced 
diet (table 2) and served as the control. Group tv:o AA-as fed a diet identical 
AAdth the balanced diet except that the corn starch Avas replaced by an equRalent 
amount of dextrose. In the diet of group three casein hydrolysate (Amigen, 
Mead) AA'as substituted for the casein of the balanced diet. Group jour AA'as 
fed the rrnaltered balanced diet and receRed a dailj' sirbcutaneous injection 
of tAvo units of protamine zinc insulin (Iletin, Lilly). The diets AA-ere fed ad 
libitum for 21 days at the end of AA'hich time the animals Avere sacrificed by 
cerA'ical fracture. The method for obtaining, preparing, and anaRzing the 
pancreatic tissue AA'as the .same as that used by us preA'iously (1). 

Results. When the enzjme content of the pancreases of the animals in 
groups 2 to 4 Avas compared with that of the animals maintained upon a balanced 

38 



ADAFIWTIOX OF PANCREATIC ENZY.MES TO DIET 


39 


diet, several deviations vere noted. The de.vtrose diet produced an increase 
in the amylase and lipase content of the pancreatic tissue with no significant 
change in the trypsin. Tlie animals fed the casein Jiydrolysate diet showed a 
deciTase in trypsin content without significant change in lipase or amylase. 


TABLE 1 TABLE 2 

Dcviolioiu^from (ircrogc enzi/»ic compoaition of pancrcalic Compoailion of balanced diet 
lifxric as affected hi; dielnrij composition 
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The daily subcutaneous injection of protamine zinc insulin produced a repres- 
sion of amylase, the lipase and trypsin remaining essentially unchanged. The 
mean A'alues for each group are presented graphically in figure 1. The signi- 
ficance of the variations in enzyme values was tested b}’’ appropriate statistical 
analysis, the results of which appear in table 3. 

Discussion. On the basis of the hypothesis that the substitution of the 
hydrol 3 ’’zed form of a foodstuff for the unh 3 '-drol 3 ''zed form will determine whether 
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the presence of the undigested foodstuff in the gut is necessary for the elicitation 
of the characteristic pancreatic enzjunic response, we may draw the following 
conclusions. In the case of starch, the product of its enzymatic digestion, 
dextrose, is capable of exciting an increase in amylase. Conversely, casein 
hydrolysate does not induce an augmentation of the trypsin content such as 
is noted with casein. This Avould suggest a nervous reflex factor for trypsin 


TABLE 3 


Statistical analysis of enzyme data indicating significance of deviations from values 

for balanced diets 
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Amylase 
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Dextrose 

379 

509 

±22.3 

±15.8 
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±27.4 

4.8 

1.6 

0.0013% 

10.96 

Cas. Hyd 

336 

±16.9 

43* 

±28.0 

Insulin 
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±24.0 
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±32.8 

4.1 

0.0057 

1 


Trypsin 


48.5 

47.8 

±4.7 

±1.7 

0.7* 

±4.95 

0.14 

50.0% 

37.4 

±1.7 

10.4 

±4.96 

2.1 

3.57 
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±1.6 
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0.46 

50.0 
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Dextrose. 
Cas. Hyd 
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Lipase 
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±26.8 

3.8 

0.0145% 
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±19.6 

26* 

±28.4 

0.9 

36.81 

TnRiiliTi j 
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±30.0 

61* 

±36.4 

1.7 

8.9 


i 






* These differences are not significant. 
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regulation and a humoral agency involving dextrose for amjdase. However, 
it is also possible that the failure of amino acid mixture to stimulate trypsin 
formation may indicate that a more complex hydrobiiic product of protein, 
e.g., proteose, is the stimulus. The casein hydrolysate used in these experiments 
had 26 per cent of its nitrogen content in foims other than amino and ring 
nitrogen, probably representing imino and poljiieptide nitrogen. No proteose 
was present in the casein hydrob’^sate. 

In the case of amylase a humoi’al mechanism is further indicated by the 
repression of amylase produced by maintaining the blood sugar at a h 3 ''po-normal 
level by means of protamine zinc insulin. 
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A discrepancy was noted in the effect of corn starch and dextrose on lipase. 
The former caused no change whereas the latter produced a statistical!}'- signi- 
ficant increase in hpase content. 

Evans ( 2 ) has demonstrated an augmentation in the amylolytic power of 
human saliva following the ingestion of carboh3’'drate. Only carboh3’-drate food 
elicits this response and mere chewing, without swallowing, is ineffective. 
Recently Harper and A'assC 3 ) found that in cats the injection of foodstuffs into 
the duodenum resulted in an increase in enzyme output by the pancreas even 
when all the extrinsic nerves to the small intestine had been cut. Harper and 
Raper ( 4 ) have prepared an extract of the small intestine Avhich stimulates the 
secretion of pancreatic enz3Tnes without augmenting the volume rate of pan- 
creatic juice. The}^ have proposed the name “pancreoz3'-min” for this substance 
and suggest that it ma}' have ph3'siological importance. Thus, several mechan- 
isms for the special control of enz3Tne secretion are knovm. However it is un- 
hkel}’- that these mechanisms are concerned in the t3'pe of adaptation dealt 
vdth in this Avork because a, these mechanisms are instances of immediate altera- 
tion in enz 3 ’'me secretion AA’hereas the adaptation to diet here noted requires a 
prolonged period, and h, in the case of the pancreas, mechanisms now knoAvn 
to increase enz3mie secretion cause a parallel increase in all the chief enzymes 
whereas the adaptation to diet uiA'oh’^es the selecth'-e increase in the enz3Tne 
acting on the predominant constituent of the diet. 

SUMM.VRY AND CONCLUSIONS 

1 . Substitution of dextrose for corn starch in a balanced diet results in in- 
creased am3dase content of the pancreatic tissue. Administration of protamine 
zinc insulin to rats fed a balanced diet causes a depression of amylase content. 

2 . Substitution of casein h3’'drol3^sate for casein in a balanced diet produces 
a depression of trypsin content of the panci'eatic tissue. 
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It has been shown in scattered reports (1, 2, 3, 4) from this iaboratorj^ that 
sudden changes of intrathoracic and abdominal pressure such as occur in cough- 
ing and straining produce simultaneous changes in the aiderial pressure and in 
cerebrospinal pressure. It was argued that whereas these pressure changes 
ma}’- strain the arteries of the aims, legs and skin, the more vital arteries of the 
thoracic and abdominal organs and of the central nenmus S3'stem are protected 
against the extra strain made when the intrathoracic pressure goes up during 
a cough or strain. 

The use of the differential manometer (5) has enabled us to show in a simple 
graphic form the differences in pressure Avhich bear upon the peripheral and 
Autal arteries and to differentiate the effects of direct pressure propagation from 
the secondarj’’ pressure changes resulting from the effects of intrathoracic pres- 
sure upon blood flow. 

Technical difficulties make it hard to use the intrathoracic pressure itself to 
work a differential manometer. It is therefore as.sumed that the gross changes 
in the intrathoracic pressure are the same as those in the mouth when the lips 
and nose are closed and the glottis open. A sudden expulsive effort under these 
circumstances is thought to have the same effect on buccal and intrathoracic 
pressure and to simulate the effects of a cough upon the hemodjmamics. A 
prolonged expiratoiy effort against the mouthjnece is proposed as ha'vdng similar 
effects to a strain against a closed glottis as in a difficult bowel movement and 
breathing deeply' through the mouthpiece against heavj' resistance is thought 
to illustrate an exaggeration of the effects of breathing upon the blood pressure. 
On these assumptions the pressure relationships were recorded as follows. 

The manometer is of the usual differential tj'pe as described elsewhere f5). 
It is a simple hj'podeimic manometer (1) whose moving parts are enclosed in an 
air tight chamber fronted with an opticallj’^ plane glass plate. The manometer 
is thus constructed to measure the difference between pressures rather than 
pressure per se. The buccal pressure is led from a mouth23iece to the front cham- 
ber and the arterial pressure is led in the usual waj’’ to the manometer itself. 
The upper record in figures 1, 2 and 3 is from the differential manometer and 
measures roughlj'^ the excess of the arterial pressure over the intrathoracic pres- 
sure. That is to say it measures the pressure wluch strains on the walls of the 
intrathoracic and intra-abdominal arteries. The middle record is made bj’’ a 
manometer which is connected bj’' a leaden T tube to the same arterial needle 

* Aid from a grant by tbe American Medical Association is gratefully acknowledged. 
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as serves the differential manometer. It records unmodified the brachial 
pressure, i.e., the stresses on the arteries of the arms, legs and skin. 



Fig. 1. Differential pressure record of “cough”. The lower tracing is from a mouth- 
piece into which a forcible expiration w.as made. The next record is of the arterial pres- 
sure while the upper record is a differential record of the middle record minus the lower 
record. The mouthpiece record shows pressure changes nearly identical with intrathoracic 
pressure changes and the differential record indicates the stresses which the coronary 
and similar intrathoracic arteries undergo. The short increases in “intrathoracic” pres- 
sure are similar to those in a cough. 





Fig. 2. Same during a prolonged strain 



Fig. 3. Same during alternate inspirations and e.xpirations 

Figure 1 shows the effect of a short expiratory effort against the mouthpiece. 
The abiTipt increases in the peripheral arterial pressure shown in the middle 
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record are cancelled out of the upper record by the fact that pressures recorded 
in the lower record are subtracted by the action of the differential manometer. 
This illustrates the fact that the ^dtal arteries are protected against such stresses. 

In figure 2 pressure is maintained ndthin the thorax and abdomen long enough 
to hinder venous return. The arteiial pressure shows a rise for as long as the 
strain lasts but the differential pressure (\dtal arteries) shows a simple fall vith 
a decrease of pulse pressure. This is followed by an increase in both mean 
pressure and pulse pressure as the blood dammed back in the veins floods into 
the heart. 

In case of figure 3 the subject was required to breath back and forth against 
heavy resistance. The arterial pressure showed much greater fluctuations than 
the differential pressure. Each increase in intrathoraeic pressure is followed 
by a decrease in differential arterial pressure and each decrease in intrathoraeic 
pressure, since it aspirates blood into the heart is followed — as soon as blood 
can get through the lungs — by an increase in the differential arterial pressure 
and in the pulse pressure. 

It should be stressed that conditions obtaining in this experiment are far 
different from those obtaining during normal respiration. A man breathing 
naturall}'- shows little or no respiratoiy changes in the pulse pressure. Particu- 
larly if he is recumbent the venous pressure is such that blood can get to the 
heart unhindered bj'’ the respiratoiy fluctuations in thoracic pressure. If the 
venous pressure is high enough so that the noimal fluctuations in intrathoraeic 
pressure do not affect cardiac inflow, then the respiratory changes in arterial 
pressure are simple propagations of intrathoraeic pressure. Norraalb’- this is 
so but if breathing is against resistance such as accumulated mucus or larjmgo- 
spasm, or if the venous pressure is abnormally low, the respiration can evoke 
changes in blood flow which give rise to the phenomena shonm in the figure. 

"V^Tien a cough or strain occurs and the pressures in the thoracic and abdominal 
cavities rise the pressure bears upon the intervertebral foramina. This results 
in the movement of small amounts of material back into the cerebrospinal canal 
through the inten’^ertebral foramina. The material which is forced into the 
canal includes the cerebrospinal fluid under the dural evaginations of the spinal 
roots, venous blood, loose fatt 3 ’- and areolar tissue as well as the spinal nerves 
themselves (6). The craniospinal canal is so rigid that onl 3 " a minute amount 
of such substance need go into the canal to equalize the pressure to that in the 
thorax and abdomen duiing the cough or strain. The result is that the cerebro- 
.spinal pressure goes up immediateb’’ to a figure that is equal to that in the 
thorax and abdomen. 

It is generalb-- recognized that a rise in jugular pressure is accompanied Iw a 
rise in cerebrospinal pressure and that the arterial pressure is also closeb’^ related 
to the cerebrospinal pres.sure (7). The following obseivations show, however, 
that the intrathoraeic pressure rise is not propagated to the cerebrospmal canal 
b}”^ either the arterial or venous channels. Figure 4 shows simultaneous records 
of internal jugular, spinal and intrathoraeic pres.sure. The rise in jugular pres- 
sure lags behind the rise in both thoracic and spinal pres.sure and unless the 
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effort is prolonged the jugular pressure does not reach as liigh a figure as the 
spinal and thoracic pressure. 

The rise in arterial pressure ivliich accompanies the cough is also of no con- 
sequence in the transmission of the cough pressure to the cerebrospinal cavity, 
A rise of blood pressure of 40 mm. Hg accompan 3 dng an ordinaiy arterial pulsa- 
tion has no counterpart in the cerebrospinal pressure while an arterial pressure 
rise of similar height but accompanj^ing a cough is exactlj- reproduced in the 
spinal pressure (see fig. 5). 


Coughing 



Straining 


44 



Fig. 4. Jugular, spinal and intrathoracic pressures during a cough and strain 
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Fig. 5. Arterial pressure and cerebrospinal fluid pressure during t\i'o coughs. The 
lower record is a graphical reconstruction of the difference between the pressures recorded 
in the upper curves. 

The fact that the cerebrospinal pressure has such small pulsations is rather 
puzzling in itself. Normalty the contours show evidences of a s^’^stolic rise which 
is aborted bj’’ a fall simultaneous with the descent of the C wave of the venous 
pulse. The diastolic rise is not so evident in the cerebrospinal pulse as it is 
in the venous pulse. In short the contours of the cerebrospinal pulse indicate 
that it is normalty a summation of arterial and venous pulsations and. since these 
are essentialty reciprocal the actual pressure pulse in the noimal cerebrospinal 
canal is veiy small. 
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When the arterial pulsations are exaggerated as they are after the tennination 
of the Valsalva experiment or in dogs after a dose of epinephrine the pressure 
pulses in the cerebrospinal canal become greater and assume the arterial con- 
tour, i.e., rise in systole and go down in diastole (!)• 

The opposite is true when the venous pres.sure is increased and the venous 
pulsations can be transmitted more strongly to the cerebrospinal canal. In 
cases of congestive failure the pressure pulses of the cerebrospinal canal are 
exaggerated but they have the venous contour, i.e., they rise in diastole and 
decline in sj'^stole (see fig. 6). 

Figure 6 also illustrates another physiological phenomenon that is worth 
consideration. When the strain begins the intraspinal (intrathoracic) pressure 
rises and there is an equal rise of the blood pressure. In contrast to the normal 
there is no falling off of the blood pressure and the pulse pressure because venous 
pressure is so high that blood fills the heart in spite of the high intrathoracic 
pressure. When the strain is over the arterial pulsations go back to normal with 


Straining 

Aortic Rccur£ti<tion 


} 
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Fig. 6. Strain in a case of decompensated heart disease. Above, blood pressure; below, 
intraspinal pressure. 

no compensator^^ increase in pressure such as is seen in normal individuals ivhen 
the blood dammed out of the chest surges back in. 

It has been shown (8) that reflex adjustment of heart rate to blood pressure 
changes is absent in dogs with aortic regurgitation. Figure 6, from a case of 
aortic regurgitation, indicates that the same may be true in man. 

VTien, duiing the cough, the effective arterial pressure increases in the pe- 
ripheiy there is an increase in the arteriolar mn off in all beds outside the thorax, 
abdomen and cerebrospinal canal. This has a striking effect in certain cases 
with hypodynamic circulation, upon the net aortic blood pressure as is seen 
in figure 7, A. The aorta and its branches are emptied of blood through the 
increased peripheral drainage and the net pressure within them goes dovTi veiy 
rapidty. Duiing the rise of intrathoracic pressure (measured directly from a 
pneumothorax) it descends to 10 mm. Hg. Later when this same individual had 
a parox 3 ’’sm of coughing, successive coughs reduced the net aortic pressure suc- 
cessively more quicklj’’ and more extensively until it reached the value of zero. 
On occasions the pressure remains below 20 mm. Hg for most of diastole and 
since the heart gains much of its blood during diastole it probably has its blood 
supply restricted during the whole of a cardiac C 3 '^cle. When the effective aortic 
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pressure is zero and the peripheral arterial pressure is maintained by the intra- 
thoracic pressure onl}^, there is no head of pressure to nrigate the coronaiy or 
other beds which are entnely within the thoracic, abdominal or cerebrospinal 
cavity. 

This situation does not obtain in individuals whose circulation is normal. 
Careful measurements have been made in eight nonnal subjects. The net 
aortic pressure went down during the cough un nearly all cases but it did not go 
down more than a few millimeters because the peripheral resistance was not 
abnormally low. 

Fortunatety the lowering of the effective aortic pressure is onty temporaiy. 
The high pressure phase of the cough is followed bj^ the expulsive phase. During 
this phase the effective aortic pressure will rise even during diastole. The rise 
can be shown only in cases with h 3 ’-pod 3 mamic circulation and in cases of con- 
gestive heart failure. This phenomenon is illustrated in figure 7, B. During 



Fig. 7. Cough in case of tuberculosis with hypodynamic circulation. Above arterial 
pressure, below intrathoracic pressure measured directly from a pneumothorax. The 
dotted line gives the difference between the two, i.e., the net aortic pressure. During A 
the net pressure is being reduced to 10 mm. Hg. During B the net aortic pressure rises 
during diastole. 5 indicates the beginning of systole. 

the expulsive stage of the cough, which may begin considerabty before the 
peak of the intrathoracic pressure curve (1) the lungs are being forcibty emptied 
of air. The same effort that empties them of air also empties them of blood. 
It has been shown (9, 10, 11, 12) that the capacity for blood is less when the 
lungs are deflated than when the}^ are distended. If then a forcible expiration 
can expel blood from the lungs vdth sufficient pressure and if the pulmonaiy 
valve is competent the pulmonaiy blood will necessarity push open the mitral 
and aortic valves and enter the aorta. It is difficult to explain the diastolic 
rise in net aortic pressure in anj^ other wajL The rise as we have reconstructed 
it comes from the fact that the brachial pressure maj'- continue to rise during the 
expiratoiy phase of the cough. Wlien not actuall}’- rising the arterial pressure 
often falls less rapidity than the intrathoracic pressure. Pressure energies which 
are dissipated in moving the lung tissues or the lung air are a part of the thoracic 
pressure cuive and hence are subtracted from the blood pressure in maldng the 
construction of net aortic pressure. A disproportionate rise in this factor would 
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tend to lower rather than raise the net aortic pressure. The rise in net arterial 
pressure cannot be explained by the fact that transmission of pulsations over 
arteries is slow because the contours of the surges appear almost the same 
whether a time inteiwal for this factor is or is not allowed in the construction. 

An increased abdominal pressure acting' upon the abdominal arteries "wtII 
probabl}’’ increase the general blood pressure but not to as gi’eat an extent as the 
combined action of a simultaneous increase of both thoracic and abdominal 
pressure. If the abdominal pressure exceeds the thoracic pressure during the 
cough some of the excess aiterial pressure recorded could be due to excess ab- 
dominal pressure. Since hydrostatic differences were cancelled by the fact that 
the subject was recumbent, the important factors which might raise the ab- 
dominal pressure above the thoracic pressure are 1, inertia of the Auscera; 2, 
tension on the relaxed diaphragm; 3, contraction of the diaphragm. Rough 
calculations would indicate that the first factor would involve pressures less than 
2 nun. Hg. The second factor might operate to some extent as the lungs are 
finally emptied of air and since the expulsive stage of the cough is free of inspira- 
toiy efforts it is probable that the diaphragm does not contract. Although we 
have no records of simultaneous abdominal and thoracic pressure, we feel that 
the abdominal pressure does not rise above the thoracic pressure during the 
cough enough to account for the excess arteiial pressure. 

If the expiratoiy effort drives blood out of the lungs and into the aorta against 
the systemic pressure a veiy high total pressure must exist in the puLmonaiy 
veins. These veins are vdthout valves and the pressure must be backed up as 
far as the semilunar valve, distending the capillaries. Both sets of cardiac valves 
on the left side must be open and the heart be filling the pericardium. 

The pressure which can push blood out into the aorta is the pressure distending 
the pulmonaiy vein minus the net aortic pressure. Since the first stage of the 
cough depleted the aortic blood in indmduals with a hjyjodjmamic circulation 
(fig. 7 A) the net aortic pressure is verj' low and blood is free to move from the 
lung vessels through the left heart and into the aorta. Tiiis it does until the 
pressure in the aorta equals the sum of the pressures in the thorax and pulmonary 
vessels, raising the aortic pressure in some cases to a figure that is 30 to 60 mm. 
Hg above the thoracic pressure. This difference must be the pressure in the 
pulmonaiy vein during the expulsive effort. This figure seems high but it is 
no higher than that seen after epinephiine (9). Its effect on the net aortic 
pressure is made e^^dent by the fact that the pressure is lising during diastole. 
TiTien the pressure is falling the aortic valve maj* be closed and the pulmonary 
venous pressure may be less than the net aortic pressure. This ma 3 '' also be 
tine during ^"stole when the mitral valve is closed. 

The low net aortic pressure which occurs in individuals with hjqiodjTiamic 
circulation favors the movement of blood into the aorta. A high pulmonary 
venous pres.sure would be expected to do the same thing. AVlien the net aortic 
pressure was plotted duiing the expulsive stages of coughing in a case of con- 
gestive heart failure a diastolic surge of pres-sure similar to that shown in figure 
5 B was evident on several occasions. The excess of aortic pressure over intra- 
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thoracic pressure was 60 to 80 mm. Hg. This is iirobablj^ the pulmonaiy venous 
pressure obtaining at the time. 

The pressure which acts upon the walls of the alveolar capillaries is probably 
much greater than the figure above because the air pressure in the alveoH can 
hardl3^ be as high as the intrathoracic pressure. During the expu-atorj'' phase 
of a cough the energ}’- which is present in the high intrapleural pressure is available 
to move the lungs, to accelerate air out of the bronchial tree and to accelerate 
blood out of the pulmonaiy vascular tree. 

Tliere is no wa}^ of measuring what part of the exprratoiy intrathoracic pressure 
energj’- is dissipated in moAmig blood, what part in moving lung tissue and what 
part in mo\dng lung ah'. On the guess that the energj' used in mo^^ng lung air 
and tissue is a relativel3’' small fraction of the total it follows that the expiration 
produces a small rise in air pressure in the alveoh. This pressure change cannot 
be measured but circumstances point to the idea that during the expirator3^ 
phase of the cough the pressure in the pulmonaiy capillaries wliich is sufficient 
to drive blood into the S3^stemic arteries is probabl3’- far above the pressure of 
air in the alveoli. High pressure across the capUIan^ walls must result in filtra- 
tion of fluid into the alveoli. Paroxysmal coughing therefore ma3' clear froth 
from the bronchioles and alveoli but it also establishes a vicious C3’-cle wliich 
results in the transfer of more fluid into these .spaces and the further stimula- 
tion of the cough reflex. The fact that coughing raises the pressure in the 
pulmonaiy vascular tree in addition to the mechanical movements involved 
increases the risk of pulmonaiy hemorrhage during this activit3L 

If the circulation is noimal and the lungs not at all congested, the coughing 
does not, as has alread3’' been said, produce an appreciable surge of blood into 
the arteries. It is probable, however, that idolent coughing does increase the 
capillary pressure in the lungs and does exaggerate the tendenc3’' of fluid to 
accumulate in the alveoli. The ph3’’siological picture thus outlined ma3’’, when 
it is recognized, help to decide in an individual case whether coughing should 
be encouraged for the purpose of clearing the lungs or whether it should be 
repressed with sedatives to keep down the transudation of fluid into the alveoli 
as well as for other well recognized purposes. 

SUMMARY 

1 . Differential pressure records are shown which separate the changes in 
arterial pressure which are due to simple propagation of intrathoracic pressure 
from those which are due to changes in blood flow. It is shovai that increases 
due to the first of the above causes strain onl3’- the peripheral arteries whereas 
increases due to changes in blood flow or to changes in peripheral resistance 
strain also the vital arteries to the brain, spinal cord and viscera. 

2 . The nature of the cerebrospinal pressure pulsations is discussed. 

3 . During the preliminaiy pressure rise of the cough people whose circulation 
is h3qDod3mamic show arterial iDressures Avhich are no higher than sunultaneous 
intrathoracic pressures. During brief intervals there is therefore no effective 
head of pressure to irrigate the coronar3’- or other vital vascular beds. 
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4. During the expulsive phase of the cough the arterial pressure may continue 
to rise while the intrathoracic pressure is going down or the arterial pressure 
may descend more slowfy than the intrathoracic pressure. This signifies that 
the pressure distending the aorta is rising and, since it often occm’s during 
diastole, it implies that during the expulsive phase of a cough blood is forced 
from the lungs through the relaxed left heart and into the aorta. 

5. The cough may force blood into the aorta in cases with hypodjmamic 
circulation and in cases with congestive heart failure. This may occur in 
normal indi\dduals but no evidence has been obtained to support the idea 
that it does. 
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It is general!}^ accepted that when one is recumbent the vital capacity is sig- 
nificantly less than when he is standing. This might be due to the fact that the 
respu’ator 3 ’’ muscles work at a disadvantage in moving the viscera or ribs in the 
recumbent position or that the recumbent position fa^"o^ed movement of blood 
back to the heart whence it was pumped into the lungs. If the s.ystemic circuit 
demands less blood than can return to the heart in the recumbent position there 
should be a backing up of blood in the lungs. That this is so is indicated bj' two 
things. Aleasurenients of the chest b}'- x-raj’- at full inspiration and at full expira- 
tion do not indicate a postural difference in the extent of the respiratory excur- 
sion (1) and secondW, hindrance of venous return b 3 ^ means of blood pressure 
cuffs around the bases of the four extremities and blown up to 70 mm. Hg caused 
the vital capacit 3 ’- in the recumbent posture to approach the figure when the 
subject Avas standing (1, 2). 

These observations lead to the conclusion that circulatoiy factors pla3’- an 
important rdle in the postural I'eduction of vital capacit3^ Another possible 
Ava}’’ to bring out the circulatory factors in the control of vital capacit3^ is to 
explore the effects of immersing the bod3’’ in Avater. When the bod}’^ is immersed 
in Avater the Avater presses through the flesh upon the veins. This pressure is 
greater on those parts that are more deepl3’’ immersed balancing to a great degree 
the h3’-drostatic pressure made b3^ the Amnous column. This means that the 
blood floats back to the heart and need not be forced back AAdien the subject is 
standing an}'" more than Avhen he is hmlzontal. In addition, unmersing the 
bod 3 ’- neutralizes the Aveight of the Auscei’a Avhich to a minor extent ma 3 '’ handicap 
the expiratoiy effort. The inspiratory effort Avill of course have to AA’'ork against 
the Aveight of the Avater, counterbalancing the effect of the Avater Aveight upon 
expiration and making the mechanical nioA’ements as free under Avater as aboAm. 

When the subjects (20 male medical students) stood in Avater up to the nipple 
line, the Autal capacit}' averaged 4548 cc. Upright and out of AA'ater the vital 
capacity Avas 4863. When cuffs Avere applied to the bases of the four extremities 
and bloAA’n up to 70 mm. Hg the vital capacit3'’ increased from 4548 cc. to 4721 
cc. The difference betAveen these tAvo figures is Avell be3mnd random A^ariation 
because the indiAudual data all shoAved a decrease Avhen the subject Avent from air 
to Avater and all but one an increase Avhen the cuffs Avere applied to the subject 
AA'hile he AA-as in AA^ater. Each figure in table 1 represents the average of ten or 
more observations. 

There is also a statistically significant difference betAveen the figure represent- 
ing the average vital capacity'- in AA^ater AA’ith cuffs and that representing the vital 
capacit}'^ standing in air. (P. is better than 0.01.) 
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The fact that the cuffs do not enable a man to breathe as much air while in 
water as he can standing on the platform indicates either that venous return is 
less when standing diy or that standing to nipple height in water offers some 
mechanical hindrance to the respiratoiy movement. It has been argued above 
and elsewhere (1) that neither immersing the body nor assuming the recumbent 
posture offers any important mechanical hindrance to the respirator}'- move- 
ments. Immersing the body or recumbenc}’- increases venous return from the 
lower trunk as well as from the arms and legs. The cuffs reduce return from the 
arms and legs but leave unaffected the gravitation effects on venous return pro- 
duced by either posture or immersion on the vessels of the trunk and this increase 
in venous return may be enough to explain the change in vital capacity. 

TABLE 1 


Effect of immersing body in water upon the vital capacity with and without hindrance to the 

venous return 



OUT or 

WATER 

IK WATER 


OUT or 

WATER 

IK WATER 

Withouts 

cuffs 

Without 

cuffs 

With 

cuffs 

Without 

cuffs 

Without 

cuffs 

With 

cuffs 

1 

2 

3 

1 

2 

3 

BJB 

5610 

5330 

5780 

HJB 

4760 

4260 

4550 

GES 

4160 

3960 

3820 

CCB 

4670 

4180 

4340 

WO 

5230 

4750 

4990 

LB 

4490 

3990 

4280 

ZEG 

3980 

3570 

3730 

APP 

4920 

4700 

4770 

.JPM 

5090 

4760 

4910 

GC 

5280 

5100 

5230 

WLS 

3750 

3440 

3610 

jVLME 

4510 

4390 

4850 

LP 

5030 

4670 

4910 

ELM 

6230 

5750 

6000 

HC 

4270 

3820 

4030 

BD 

5020 

4710 

4950 

LH 

4540 

4190 

4260 

IMM 

5290 

4600 

4990 

JTH 

4500 

4260 

4330 

GO 

5930 

5530 

5880 

Averages 


4863 

4548 

4721 


Certain additional observations are of interest. "V^Tien the subject lies supine 
in water his vital capacity is no greater than when he stands upright in water. 
If he is allowed to settle as he forces the air out of his lungs, completing the expira- 
tion at a depth of two or three feet, the added pressure on the thorax enables him 
to expel a larger than normal “vital capacity.” These experiments were per- 
formed with a nose clip firmly in place and a mouthpiece connected to the spi- 
rometer by a long tube. When the subject had settled under the water with the 
understanding that he was to inhale as soon as he had exhaled completely he 
found that it was nearly impossible to make the effort. This was not because he 
was so deep under water that he could not accomplish the muscular act of ex- 
panding the chest but was due to stimulation by the water on the face or some 
similar factor that prevented his even trying to inhale. The situation seems to 
be analogous to the more highly developed protective refle.xes in diving animals 
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which inhibits breathing when water covers the face and even results in asph3cda 
if a drop or two gets into the nostril (3). The force of the inhibition in man is not 
ver}’- strong because it maj’- be broken through by a firm effort of the will. 
Breathing through a tube, vuth the face under water, does not seem natural but 
can be accompHshed vdthout too much effort after a few minutes’ practice. 

smaLVRY 

The ^dtal capacity is about 300 cc. less when the body is immersed in water 
to the nipple fine than it is when the subject is standing in air. When diastoHc 
pressure cuffs are put around the bases of the arms and legs of the subject in 
water the wtal capacit}'" is about 175 cc. higher than without the cuffs. 

Indications are that the venous return is increased by immersion sufficient!}’’ 
to increase the load of blood in the lungs and decrease the space available for ah. 

Grateful acknowledgment is made to the Augusta (Ga.) YMCA and to Mr. 
W. li. Adkins, its Physical Dhector, for the use of its pool in carrying out these 
experiments; and to the many students of the University of Georgia School of 
Medicine who served as the subjects. 
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In a pre\nous studj’- in whicli shock was induced in dogs by traumatization of 
all faces of both thighs -ndth a 200 gram rawliide mallet, it was observed that 
either prolonged spinal anesthesia, or thorough infiltration of the skin and 
muscles of the thighs with a 4 per cent procaine solution, administered prior to 
the traumatization and maintained for a period of 3| hours, prevented shock in 
a large proportion of cases (1). 

This evidence for the presence of an important nervous factor in shock follow- 
ing the type of leg muscle trauma emploj’ed would seem to be contradictoiy to 
earlier findings (2-6) that complete cord section did not prevent fatal shock 
following muscle trauma, and that severing the major nerves of the legs to be 
traumatized did not modify the shock picture. It seemed that the discrepancy 
between the protective effect of spinal anesthesia against shock, as opposed to 
the absence of effect of cord section, might lie in the fact that the animal sub- 
jected to spinal cord section pre\dous to leg muscle trauma experienced much 
more drastic treatment than did the animal receiving only spinal anesthesia 
or local procaine treatment of the legs previous to trauma. Yet it has been 
obseiwed by others (3-5), and confiz-med by us, that chronic spinal animals de- 
velop shock following leg trauma just as do those in which trauma follows imme- 
diately after the cord section. It was apparent that since neither cord nor leg 
nerve section could protect against shock, elimination of the flow of afferent 
nociceptive stimuli was but one aspect of the situation in so far as nervous factors 
in shock are concerned. 

A. Control series. A total of 37 healthj^ dogs have been subjected to leg muscle 
trauma of the type desciibed by Solandt and Best (2), modified by Gregersen 
(3), and adopted by us (1). Deep ether anesthesia was maintained during 
traumatization and the animals allowed to rest on their backs in cradles for a 
period of six hours before returning to the cages. In these expeilments the dogs 
were given water after 24 hours. Fifteen of the animals were done at an earlier 
date (1), the others were used as additional controls for the experiments to be 

1 The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and Princeton University. 

= Some of the data included in this paper were taken from a thesis presented by William 
Kleinberg to the Graduate School of Princeton University in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

’ Upjohn Research Fellow. 
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reported here. Of these 37 aiiunals, 33 or 89 per cent died in shock 4-9 hours 
after completion of the trauma. Blood pressure and pulse changes were simi- 
lar to those described for the earlier control series (1) (fig. 3, I and table 2). 

Plasma volume changes during the course of the experiment were determined 
bj’’ the dye T-1824 technique (7) on seven animals of this second control series. 

TABLE 1 


Plasma vohme changes in dogs subjected to trauma to both hind legs 



INITIAL 1 

ATTER TRAUMA 

3 HODES AFTER TRAUMA 

PER CENT 

DOG NO. 







DECLINE 

Blood 
pressure j 

Plasma 

volume 

Blood 
pressure | 

Plasma 

volume 

Blood 

pressure 

Plasma 

Volume 

IN PLASMA 
VOLUME 

Controls 


mm. IIs 

cc./kgin. 
body weight 

mm. llg 

cc./kgm. 
body weight 

mm. hg 

cc./kgm. 
body weight 


1 

131 

51.5 

69 

37.9 

78 

34.2 

33.9 

2 

133 

47.5 

68 

41.1 

23 

36.2 

23.8 

3 

131 

54.0 

58 

36.7 

0 



4 

118 

52.5 

68 

47.6 

78 

38.7 

26.3 

5 

126 

50.2 

69 

35.3 

76 

31.3 

37.6 

6 

95 

52.7 

68 

40.0 

51 

35.9 

30.0 

7 

105 

50.1 

62 

39.5 

74 

34.2 

31.8 

Ave 

120 

51.2 

66 

39.7 

54 

[ 34.9 

30.6 



Procaine anesthetization of leg nerves, standard amount of trauma* 


8 


56.1 

37 


56 

37.5 

33.2 

9 


57.8 

62 


60 

33.9 

41.2 



52.1 

69 


70 

36.4 

30.2 

11 

124 

53.6 

69 


74 

32.7 

38.7 

12 

133 

1 

49.3 

1 

67 


60 

27.3 

44.8 



Extra amounts of trauma' 

* 



13 

■■ 

51.4 

68 


74 

mam 

55.8 

14 


55.4 

70 


88 


53.3 

15 

BB 

50.0 

60 


65 

25.0 

50.0 

Ave 

1 

126 

53.2 

63 


68 

30.2 

43.4 


* See text. 


The direction and magnitude of the changes approximated those observed by 
others (3) in animals similarly shocked. The major part of the plasma volume 
fall occurred during the trauma or very shortly afterward (table 1), and pre- 
sumably represented the pooling of blood in the injured area. Although the legs 
did not appear to swell markedly, considerable fluid and stagnant whole blood 
oozed through cut surfaces upon autopsy. The plasma volume continued to 
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decline so that a 31 per cent reduction was obseired shor% before death of the 
animal. 

It was pointed out previously- (1) that hematocrit, liemoglobin and serum 
protein concentrations do not dexdate significantly' during the course of the 
experiment. There is, therefore, little evidence for preferential transudation of 

TABLE 2 


The effect of complete and partial spinal cord section, and of leg nerve section and anesthesia, 
on the responses of dogs to trauma to both hind legs 



' 1 

1 rxpXEniE.vT , 

1 

i 

NXTLT- 1 
HER OF 1 
JDOCS 1 

1 

BODY 

WEtGHT 

TOTAt 

XO. 

Blows 

blows/ 

KCil. 

BODY 

WEICHT 

SORVTVAL 

PERIOD 

yo. OF 
DOGS 
StJR* 
V1VU> 

TER cryr 

SUE- 

VJXXD 

A 

Controls 

37 

ism. 

12.2 

1010 . 

82 

irs. 

5 ±0.2 

4 

11 

B 

Complete spinal section 

17 

ll.S 

1040 

88 

14 ±1.8 

1 

6 

C 

1 Partial spinal section:* 

C and D areas intact 

1 18 

11.7 

1065 

01 

9 ±1.0 

i 

1 

' 6 

D 

C and D areas cut 

1 14 

12.8 

1006 

79 

11 ±1.1 

2 

14 

E 

C area cut, D area intact 

' 34 

12.1 

1085 

90 

Indef. 

29 

85 

F 

Leg nerve section 

i 12 

11.2 

970 

89 

1 7 ±2.0 

1 

8 

G, 

Leg nerve anesthesia:! 
Nerves exposed 

i 

1 

i 10 

n 

^ 1170 

1 

100 

! 

10 ±2.0 

5 

50 

Gs 

Nerves not exposed 

1 11 


: 1150 

89 

Indef. 

10 

91 

Gs 

Nerves not e.xposcd, spinal 

i 9 ■ 




10 ±1.6 

1 

11 


section after trauma 


■ 







Blood pressure {mm. Hg) and pulse per minute 


SEEIES 

IKIWAL 



1-3 novRs 

5-6 BQVRS 

24 SOURS 


Press. 

Pulse 

Press. 

Pulse 

Press. 

Pulse 

Press. 

Pulse 

Press. 

Pulse 

Press. 

Pulse 

A 

120 

158 



62 

150 

82 

175 

45 

195 



B 

120 

170 

106 

158 

63 

152 

87 

175 

47 

214 



C 

112 

163 

97 

148 

58 

161 

85 

190 

43 

220 



D 

110 

166 

92 

155 

62 

153 

89 

178 

77 

213 



E 

114 

167 

105 

162 

61 

155 

86 

ISO 

87 

ISS 

no 

146 

F 

113 

160 

106 

149 

62 

170 

75 

190 

57 

227 



G, 

112 

148 

95 

151 

65 

145 

92 

191 

98 

183 

113 

160 

Ga 

118 

159 

110 

172 

65 

149 

95 

175 

102 

176 

no 

145 

Ga 

100 

138 



60 

131 


148 

58 

166 




* Sod figure 3 for spinal cord areas, 
f See text for description of techniques. 


plasma, and more for a pooling of whole blood in the vessels and tissues of the 
traumatized areas. 

B. Complete spinal section at the level of the last thoracic vertebra. A total of 17 
dogs were subjected to complete cord section. Thirteen were traumatized 
immediately after sectioning, and of this number 12 died and but 1 .sundved. 
The at'erage sundval period was 14 hours. In confirmation of the reports of 
others (3, 5), this failure of complete cord section to prevent shock is not to be 
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attributed to the trauma involved in the spinal operation itself, since foiu' more 
chi’onic spinal animals, subjected to cord section 3 days previous to the experi- 
ment, also died in shock foUovdng the muscle trauma. Thus but one dog of the 
17 survived cord section plus trauma (fig. 3, II). 

Most of the animals in the acute spinal section series showed a moderate de- 
cline in mean arterial pressure after the operation. In only 3 cases, however, 
Avas this pressure level below 100 mm. Hg. More trauma was required to lower 
the pressure leA'el to 60-70 mm. Ilg by the end of trauma than for the control 
animals AAoth cord intact (table 2). The development of the symptoms of shock, 
Avith falling pressure and high pulse rate Avas someAvhat sloAver than in control 
animals, and the suiwiAml period AA^as significantly longer (table 2, fig. 1). 

It should perhaps be emphasized that all non-traumatized, spinal section 
animals suiwiAm the operation in excellent fashion. Hence the cord section it- 



Fig. 1 Fig. 2 

Fig. 1. Blood pressure responses of representative cases from the control, leg nerve sec- 
tion, spinal cord section and leg nerve anesthetization series. 

Fig. 2. Reversal of protcctiA'c effect of leg nerve anesthesia when the spinal cord is sec- 
tioned immediately following trauma. 

self did not lead to shock, nor in our experience Avas it ever fatal. ^\Tien tramna 
to the legs Avas administered, however, shock developed and death followed. 

C. Section of the major nerves of the hind limbs followed by trauma. Several 
Avorkers (2, 4-6) haA'e reported that section of the major nerves to the trauma- 
tized limbs does not preAmnt or appear to modify in any Avajq shock produced 
by muscle trauma. The folloAAing experiments confirm their findings. 

The dogs AA’ere etherized and the hair removed from the upper portion of the 
legs Avith electric clippers folloAved by shaAung. The skin Avas incised directly 
over the region AA'here the external cutaneous, anterior cmral, obturator and 
greater and lesser sciatic nerA^'es emerge into the legs. By blunt dissection the 
nerves AA’ere exposed and sevei’ed anteilor to the region to be traumatized. Sec- 
tion of the nerves necessitated four separate incisions in each leg. The small 
Avounds Avere closed AAuth clips and kept moist Avith gauze pads AA'et AA’ith chlo- 
razene. Some blood continued to ooze from the Avounds after traumatization. 
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Of 12 dogs SO treated and tlien traumatized, 11 died and 1 survived. Hence 
severing the major leg nerves did not lead to prolongation of the life span nor 
alleviate shock in anj'’ way. The essential data are given in table 2 and figure 1. 

D. Effect of proloTiged anesthesia of the major nerves of the hind limbs on 
prevention of shock following muscle trauma. In work mentioned earlier (1) 
we showed that a 4 per cent procaine solution thoroughly infiltrated into the skin 
and muscles of all faces of the thigh area, previous to trauma, repeated at 30 to 
40 minute intervals for 3| hours, prevented shock in 7 of 10 animals. Since these 
results obtained by means of local anesthetization seemed diametricalh’- opposed 
to those observed when the major leg nerves were sectioned, it seemed important 
to repeat and expand the previous work, this time restricting the local anesthesia 
to the region of the nerves themseh^es. 

In a series of preliminary experiments, in which groups of 10 dogs each were 
used, various dosage levels of procaine were tested. In all cases injections were 
made at half hour intervals, and continued over a period of houm. The ex- 
ternal cutaneous nerves of both legs were cut, the remaining major leg nerves 
were exposed as for section, and the procaine injected into and around the nerve 
sheaths. The best series was obtained \vith use of a 2 jjer cent procaine solution, 
where 5 dogs of 10 sundved, and 3 more showed greatly extended survival periods. 
The major objection to the experimental technique was that, following trauma, 
considerable blood oozed through the eight cuts which had been made on the 
two legs to expose the nerves, and which were reopened at 30 minute periods in 
order to administer procaine. 

The method was therefore modified so that in a final series of 11 anesthetized 
dogs, the procaine was injected through the skin and muscles into the vicinity of 
the major nerves without dissection and exposure of the latter. To in.sure a 
thorough anesthetization prior to trauma, a total of 2.5 to 3.5 cc. of a 4 per cent 
procaine solution was used for each dog, the exact amount depending upon the 
body weight. With subsequent injections, the volume of procaine was progres- 
sivel}" reduced, so that the last injections totaled only 1 cc. distributed over both 
legs. A total of about 8 cc. of the procaine solution was used per dog over the 3-| 
hour period. 

Ten animals of this series of 11 survived, and the life .span of the single failure 
was prolonged to 20 hours. It should again be emphasized that throughout this 
study, no water was given until after 24 hours. Blood volumes were not deter- 
mined. 

There were several characteristic differences in response to the muscle trauma 
procedure between the animals given local injections of procaine and those either 
untreated or with leg nerves cut. About half the animals receiving procaine 
required significantly more trauma to lower the Ifiood pressure to GO-70 mm. Hg. 

In some cases, as many as 50 per cent more blows were required than vith a con- 
trol of comparable size and body weight (fig. 1). , . 

Plasma Amlume determinations were made on an additional 8 animals gnen 
local procaine anesthesia (table 1). Of these, 5 requiring standard amounts of 
trauma (i.e., sufficient to lower the mean arterial pressure in the femoral artery to 
60-70 mm. Hg in a control animal of similar body weight) showed plasma volume 
reductions in the range of those obseiwed for controls; 3 dogs which required more 
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than the usual amount of trauma to reduce the blood pressure, showed much 
greater plasma volume reduction liy the same time interval (table 1). 

A characteristic response of the traumatized procained animal is that the 
blood pressure tended to return much more promptl}’- to high levels follovdng 
the conclusion of tlie trauma. Bj'- the first hour the average pressure had reached 
92 mm. lig and it rose progressively from tliis level in the next few hours. In 
the scries of animals wliich received procaine injections through the skin without 
preliminary dissection, 8 of the 11 animals showed pressure levels over 100 mm. 
Hg by the fifth hour after trauma (table 2). 

It seems paradoxical that while anesthetization of the major nerves of the legs, 
when properly done, effectivel 3 '' prevented fatal .shock in 10 of 11 cases, \'et com- 
plete section of the same nerves was almost without effect in shock prevention. 
Both procedures should have eliminated the flow of nociceptive stimuli from the 
injured areas to the higher centers. It would seem, therefore, that nerve section, 
unlike nerve anesthesia, had permanentl^y removed some nervous factor tending 
to maintain the resistance of the animal to shock induced bj^ muscle trauma. 
To obtain more specific information regarding the site of this second, un- 
suspected, factor, the lack of which apparently sensitizes the traumatized 
dog to .shock, a detailed phj'^siological dissection of the spinal cord was under- 
taken. 

E. Destruction of spinal cord areas hy means of knife, cautery and liyalure. In 
order to simplifj' matters, and if possible determine more precisely’- ’which as- 
cending tracts might lie involved in causing shock, the cord was, for purposes 
of surgical manipulation, arbitrarily'- marked off into areas, designated A, B, C, 
and D. None of these areas exactly correspond with the cord funiculi (fig. 3), 
but because their liorders are defined by recognizable land marks, they can be 
identified on gross observation. 

With the animal deeply anesthetized Avith ether, the spinal cord was exposed 
for a half-inch at the level of T 13 and L 1, care being taken to avoid all blood 
vessels. The dural sheath was opened and the selected area or areas, as depicted 
in figure 3, removed by means of 1, a fine blade knife; 2, a delicate tipped eye 
cauteiy, or 3, fine thread ligatures inserted bj' delicate needles. The attempted 
removal of a definite restricted region of the cord presents obvious difficulties. 
We have not found it possible with any'- of the three methods exactly'- to circum- 
scribe in every- case each area removed at operation, so that small portions of 
adjacent areas Avere sometimes injured. In most cases the grey*" matter Avas 
either partially'- or completely destroyed. The fine tipped cautery proved to lie 
the most effectme instrument for refnoA'^ing portions of the cord but had the dis- 
adA'-antage of inability'- of the operator to control the exact area of injury^ OAAung 
to “heat spread” from the cautery'- tip to adjacent areas not intended for inclusion 
in the area to be cauterized. Since the results obtained Avith the various methods 
have not proved different, they have been grouped together for analy'sis (fig. 3). 

The cords of all animals Avere removed at autopsy, fixed in formalin, and ex- 
amined under a microscope folloAA'ing free hand section AAath a razor blade through 
the injured areas. It is possible by'- this simple method to define fairly'- accuratehy 
the limits of injuiy. 

EolloAATng the cord injury-, the Avound Avas closed except for a small gauze 
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drain, and the hind legs immediately traumatized as in the other experiments. 
The data obtained from a .study of 83 dogs subjected to complete section or 
removal of some part of the spinal cord just previous to traumatization, are given 
in table 2 and figure 3. 

In general, the results indicate that cord areas A and B are apparently not 
important for shock prevention or alleviation, for when they are destroyed and 
the animals traumatized, shock occurs. Of 18 dogs ^vith areas A and B removed 
followed by traumatization, but 1 animal sundved and 17 died (fig. 3, IV). The 
most important area for shock prevention appears to be the ventrolateral or C 
area, which must be removed bilaterally- Vfiien this area was completely re- 
moved, with the ventral D area left intact, 29 of 34 traumatized dogs, or 85 per 
cent, did not develop shock (table 2 and fig. 3, III and V). When the area C + 


CORD DO&S tost total PERCCXT SURVIVAL 
AREAS SURVIVED DIED DOfS SURVIVED PERIOD, 
DESTROYED m SHOCK HOURS 



Fig. 3. Arbitrary division of the spinal cord into areas, and the results of selective re- 
moval of these areas in preventing shock following leg trauma. 

D was left intact, but one animal of a series of 18 survived after trauma (fig. 3, 
IV). Thus in the combinations tested, leatdng C area uninjured is followed by 
fatal shock after muscle trauma. 

It is also clear that area D, or the ventral cord region, must be left intact after 
eliminating area C, if the animal is to sur\dve after leg trauma. Section of this 
area, as did complete spinal section, sensitized the animal to shock (fig. 3, VI). 
But 2 dogs out of 14 survived trauma when D area was destroyed (fig. 3, VI) 
and conversely, but 2 animals of a total of 21 died following trauma after removal 
of all parts of the cord except D (fig. 3, III). The erddence seems clear, in-so-fai 
as these experiments on the cord are concerned, that in order to prevent shock 
after leg muscle trauma of the type described here, cord area C must be destroyed 
on both sides but area D left uninjured. 
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F. Local anesthesia of the limb nerves followed by trauma ami cord section. In 
this experiment the spinal cords of 9 dogs were exposed as for section but left 
untouched, and the wounds then closed bj'' clips. A thorough procaine infiltra- 
tion of all faces of the thigh muscles was then made, using 4 per cent procaine, 
injected half hourly over a 3^- hour period, and the legs then traumatized. This 
series was therefore similar to that described above, where shock was prevented 
in 10 of 11 dogs (table 2). Immcdiatelj'- after the trauma, liowever, the incisions 
over the spinal cords were reopened, and the cords were completeh* sectioned"’. 
But one animal of this series survived, with the survival period of the other 8 
averaging 10 hours. Hence the spinal cord section negated the effect of the 
procaine infiltration and rendered the animal again sensitive to shock. Tlie 
experiment emphasizes the importance of cord area D for maintaining normal 
resistance to leg trauma since destruction of this area and its descending tracts 
is apparently responsible for the sensitization to limb trauma which follows com- 
plete cord section (fig. 2). 

Discussion. In our opinion, at least two major factors should be recognized 
as contributing to the shock following the type of muscle trauma employed- 
As a direct result of the traumatization, there is a pooling and trapping of whole 
blood in the injured areas. A reduction in circulating blood volume is therefore 
common to all the experiments reported here. Wliile this blood loss certainly 
contributes measurablj’’ to the induction of the shock condition, it seems im- 
probable that it is sufficient in itself to cause death. 

Secondly, there appears to be an important nervous factor concerned in pre- 
cipitating shock, as shovm by the experiments on cordotomjc On the basis of 
the plij^siological dissection of the spinal cord, it Avould seem that two areas, C 
and D, are important in the response of the animal to shock induced b}' muscle 
trauma to the limbs. Area C, which apparentl}’’ must be bilaterally remoi'^ed if 
shock is to be prei’^ented, includes among others the dorsal spinothalamic tracts 
Avliich, according to clinical and experimental evidence, transmit pain stimuli. 
These tracts may not be the sole ascending paths for this sensation in mammalia 
beloAV the primates (8-9), but in the dog they appear to constitute pain conduc- 
tion paths (10). This does not, of course, rule out the possibility that pain 
stimuli may also be transniitted up the cord to some extent through a series of 
short rela3’'s as suggested for the cat (8-9). It is perhaps more than coincidence 
that our best results in preventing shock Avere obtained Avhen all cord areas other 
than D, including the gre}'' matter, were remoA''cd (fig. 3, III). 

The evidence seems to indicate that a floAv of nociceptive stimuli from the area 
of injury courses up some tract or tracts contained in the A'-entrolateral cord 
area marked C in our diagram. These stimuli apparently act to decrease the 
resistance of the animal to trauma, and to preA^ent the rise in blood pressure and 
effective venous return in the hours folloAAdng trauma. Hoav this result is 
brought about A\^e do not know. 

These nine animals are not included in the total of 17 complete cord sections listed in 
figure 3, II, and table 2. 
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The bai-rage of noxious impulses is apparently continued over several hours; 
at least, a prophylactic anesthesia of the leg nerves which is not continued beyond 
the time of actual traumatization will not adequately protect against shock. On 
the other ])and the greatest flow of such .stimuli must be diu-ing and immediately 
following trauma, for when procaine infiltration is delaj'ed for an hour or so after 
trauma, it can no longer protect against shock. 

The fact that complete .spinal cord or leg nerve .section, which .should suffice 
to remove all afferent nociceptive .stimuli, fails to prevent .shock is not easily 
explained. A.s far as .sur\dval after trauma is concerned, destruction of cord area 
D is equivalent to complete .spinal .section, so that it is reasonable to assume that 
nerve tracts contained in cord area D are concerned in maintaining the resistance 
of the animal to .shock from muscle trauma. Section of the leg nerves would 
.sever any fibers passing to the legs through area D and lead to the same end 
result as complete cord section. 

It has been implied that in all .series of experiments, a given amount of trauma 
has produced a similar degree of injury and local fluid loss. The plasma volume 
loss in animals with the major nerves of the leg blocked b}' procaine has been 
shown to be as large as in the controls (table 1). In the relaxed, denervated 
limb, this a,ssumption may not be valid. That is, the .sensitization of the 
traumatized dog to shock by the destruction of nerve tracts in the D area might 
be attributed simply to a vasodilatation of the blood vessels distal to the cut, 
produced either directly or indirectly through loss of muscle tone. This dilata- 
tion should increase the fluid lo.ss into the limbs during the actual traumatization. 
The integrity of the D area is also important in the hours following the trau- 
matization, for a cord section .superimposed upon a procaine infiltration of the 
leg neiwes, made after completion of the trauma, leads to fatal shock. A greater 
pooling of blood in the relaxed tissues might counteract the beneficial effects of 
the procaine in blocking the passage of pain stimuli to the higher centers, and 
render the animal more susceptilfle to .shock. 

These experiments appear to afford additional support for the suggestion of 
several investigatore (11-13) that an important nenmus factor e-xists in traumatic 
.shock. 


SUMMARY 

1. Traumatization of all faces of the thigh muscles by a light ravdride mallet 
led to fatal shock in 33 (or 89 per cent) of 37 anesthetizd control dogs, 

2. A complete section of the spinal cord of 13 animals immediately before 
trauma did not prevent fatal .shock in 12, or 92 per cent of the cases. This 
failure to prevent death is not related to the trauma involved in the cord section, 
itself, since 4 more dog.s, with cord sections made 3 daj’s previous to the experi- 
ment, also died in shock. Thus of a total of 17 traumatized dogs with com- 
pletely severed cords, but one survived. 

3. Likewise cutting the major nerves to the legs prior to trauma, did not 
prevent death in 11 dogs of a total series of 12. 
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4. Proper anesthetization of the same nerves with 4 per cent procaine but 
-svithoiit preliminaiA^ exposure of the nerve, or removal of blood for plasma 
volume, pre\^ented shock from appearing in 10 of 11 animals. 

5. Cordotomj^ involving bilateral removal of certain areas, followed hy 
trauma, indicated that afferent nociceptive stimuli from the legs, tending to 
precipitate sliock, are apparently transmitted by fibers contained chief!}" in the 
ventrolateral cord region. These fibers ma}^ be the dorsal .spinothalamic or pain 
tracts. Section of the cord except for the ventral or D area, followed by trauma, 
pre'\’-ented fatal shock in 29 of 34 classes. 

6. Wlien the ventral cord or D area is sectioned, shock induced l^y muscle 
trauma can not be prevented even though the pain tracts ma}^ have I^een re- 
moved, or the pain stimuli blocked by procaine anesthesia. Removal of this 
area is believed to explain the sensitivity to shock of animals with either complete 
spinal cord or leg nerve section. 

7. Two factors apparently contribute to the initiation of shock following the 
type of muscle trauma employed: a, a local loss of whole blood into the trau- 
matized areas, and h, a nervous factor. 
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For many years I have lieen impressed with the vai-iability in height of the 
knee-jerk taken from normal suljjects and by the fact that there are no known 
standards by which the height ma3’- be said to be in the normal range. Yet the 
height of the knee-jerk expressed as the mean or median has been veiy useful in 
establishing norms which are then compared to experimental data taken from the 
same subject. In this ^vay the knee-jerk has been used as an index to: The 
activity of the central nervous SJ^stem (1), localization of injured pathwa3's in 
brain and cord (2), mental activity (3, 4), relaxation (5), and problems related 
to muscle tonus (6, 7, 8, 9, 10). These researches were sometimes done on a 
single subject or at the most the data repre.sent only a few individuals. Thus 
it would be of value to have infoimation on a large gi-oup of subjects. In this 
report data taken from the knee-jerks of more than twelve hundred students are 
presented. 

Method of study. The subjects were students of medicine and dentistr3’’ 
and represented ncarl3'’ all members of each class from 1929 to 1940 in the medical 
group and the classes from 1930 to 1941 in the dental group. There were thirt3''- 
six women and these have been treated as a separate gi’oup. The knee-jerk ap- 
paratus was similar to the one designed by Tuttle (11) and consisted of an iron 
hammer faced with rubber and a recording device. A leather strap designed to 
fit the heel of the shoe connected the right foot to a leather thong which fastened 
to an iron triangle. B3' this arrangment the amplitude of the knee-jerk was 
reduced to about one-tenth. A weighted cord and pulle3’’ held taut the recording 
part of the apparatus but allowed for free movement of the foot. 

The experiments were carried out in a quiet room to which only a few students 
at one time were admitted. The subject was blindfolded in all procedures ex- 
cept during the sohdng of the problem. An instructor closely supervised the 
taking of records. Various positions of the iigamentum patellae were explored 
mtli submaximal stimuli to determine the most sensitive area for eliciting the 
knee-jerk. The hammer was finalty adjusted to deliver a minimal (so-called) 
stimulus which was described as one that would bring about a \’isible knee-jerk 
response and move the foot one or two inches. Fifteen to twent3' knee-jerk reac- 
tions, at intervals of about five seconds, were recorded as normals. Then, 
without mo^mg the subject, a second set of reactions, equal in number, was ob- 
tained, during which the fall of the hammer was slightl3’' preceded b3’' a sensor3'’ 
stimulus elicited as follows; The hand of the e.xperimenter was supported and 
remained in contact with the head of the subject and just preceding each fall 
of the hammer a slight brisk pull of .short duration was given the hair above the 
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ear. Later, without moving the subject, a third record of an equal number of 
responses was obtained while the hands were clasped, the subject being instructed 
to clasp just before each stroke of the hammer. Finally'', a fourth series of reac- 
tions Avas obtained during the sohdng of the follomng problem: “The sum from 
1 to auA’- number x is (| x -}-|) x; tiy this formula for 1 to 10 and compare simple 
addition.” 

This gaA'e four records each of Avliich contained 15 to 20 knee-jerk reactions. 
The student measured each loiee-jerk in millimeters and obtained means for the 
four records, no response being measured as zero and included as such in the 
total. These mean values, carried to two decimal places, form the data used 
in this paper. 

Analysis of the data. The means, per cent change from normal resulting 
from each procedure, coefficients of variation, significant ratios, medians and 
ranges are shomi for the medical and dental groups separatel}’’ and combined in 
table 1; in addition, the data for the thirt 3 '’-six women students are given sep- 
arateljL 

It is A^ery interesting to find the mean A'-alues agreeing so closely as 8.53 and 
8.49 mm. for the normal knee-jerk in the medical and dental groups. Due to 
the large number of subjects these figures have become someAAffiat fixed and they 
Avould change only slightly’’ by'- the addition of more A’-ariates because the probable 
errors are small being ±0.13 and ±0.16 in the medical and dental groups respec- 
tivelyL In the group consisting of women the mean, median and range of the 
normal knee-jerk are higher than for those for men (table 1). The mean is 
significantly’’ aboA’c that of the men and the “significant ratio” is 3.4. This leads 
one to AA'onder if these data can be interpreted as indicating that AA’omen are more 
irritable than men thus confirming the eAddence obtained by’ Williams aa'Iio re- 
ported (11) that the same strength of stimulus (50 grams) applied to the liga- 
mentum patellae induced a greater response in Avomen than in men. In the 
present study’ the stimulus Avas not a fixed one but one selected to give a response 
that AA'as close to minimal. In sensith’e subjects it is more difficult to select a 
stimulus that is minimal and the A’ariability’ in the height of the knee-jerk is 
additiA’e, thus giving a mean value that is alAA’ay’s aboA’e the recorded minimal 
of a single response. This is so because aa’c haA’e no AA’ay’ to record the change 
in muscle tonus induced by’ a subminimal stimulus and these are recorded as zero. 
In less sensitiA’e subjects this additive effect is less and the mean value for the 
normal knee-jerk is loAver. 

Sensory’ reinforcement gaA’e an increase in the knee-jerk in all groups but 
especially’ so in Avomen. The means for men’ and for AA’omen are A’ery significantly 
aboA’e their normals as shoAvn in the column headed “ratio” of table 1. 

There Avas almost no correlation obtained AA'hen the height of the normal knee- 
jerk AA'as compared to increase induced by sensory reinforcement; the coefficients 
of correlation being —0.01 and -f-O.Ol in medical and dental students respectively 
(table 2). This lack of correlation AA’ith the normal knee-jerk is surprising since 
one usually’ thinlcs that the smaller the initial response the greater chance there 
would be for any’ reinforcement to express itself. In other Avords these data 
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shoiv that tlie amount of reinforcement of the Icnee-jerk induced b}* pulling the 
hair is not related to the strength of the blmv given the patellar tendon. The 
knee-jerk iras not ahvays increased bj’- sensorj’- stimulation, 52 or 4.3 jier cent 


TABLE 1 


PKOCEDOTE 

MEAN 

CHANCE 

COEF. VAJt. 

EATZO 


EANCE 

713 students of medicine 


1 

1 

(%) 



■■ 


Nonnal 

8.63 


65.8 



0.1-28 

Sensorj’’ i 

15.09 

4-76.9 

42.6 

22.1 


1 -35 

Hand clasp .j 

14.48 

4-69.7 

42.3 i 

20.7 i 


0.5-34 

Problem 

1 

10.57 

4-22.6 

59.9 

6.9 

HhI 

0.5-37 


507 

students of dentistrj'^ 




Normal 

8.49 


! 59.6 

1 

' 7.54 ! 

0.6-27 

Sensor 3 ’’ j 

14,00 

-f-65.6 

46.4 

15.4 

13. 2S i 

1 -41 

Hand clasp 

13.93 

4-63.0 

42.1 

1 16.2 

13. oS 1 

1 -37 

Problem | 

9.53 

4-12.2 

60.3 

' 3.4 

8.42 1 

} 

0.1-30 


1220 students of medicine and dentistry 


Normal i 

8.51 


58.4 


7. SI 

0.1-28 

Sensory 

14.04 

4-72.0 

44.1 

26.1 

14.20 

1 -41 

Hand clasp 

14.21 j 

4-07.0 

42.9 

25.3 1 

13.97 

0.5-37 

Problem 

10.14 

1 ! 

4-19.0 

60.5 

7.1 1 

9.63 

0.5-37 

36 women students of medicine 

Normal 

12.20 


! 52.8 


11.50 

2-32 

Sensory 

17.69 

4-45.0 

29.4 

4.0 

17.50 

5-31 

Hand clasp 

18.29 

4-49.2 

39,4 

4.0 

18.50 

4-32 

Problem 

14.62 

4-19.S 

47.6 

1.5 

14.00 

1-31 


Data based on the height, in millimeters, of the knee jerk for students of medicine and 
dentistry are shown separately and the men students are combined. Significant ratio = 
the difference of two means divided by their standard error of the difference. 


SD X 100 

Coefficient of variation = jigan 

Standard error of difference = -v/(SEi)- + (SE:)^ 

SD 

SE = Standard error of mean = 


SD — Standard deviation = 



of the combined medical and dental students showed no change and 46 oi 3.8 
per cent showed a decrease in the height of the knee-jerk as compared to theii 
noiTOal means. These figures for the women were 2 or 5.5 per cent and 3 or 8.3 
per cent for no change and a decrease in the height of the knee-jerk recpectivelj . 

















STATISTICAL ANALYSIS OF THE KNEE-JERK 


67 


Reinforcement of the knee-jerk induced by clasping the hands was significantly 
above normal and of a similar magnitude as that induced by sensoiy stimuli; 
the mean values were less in men than women while the per cent change was more 
in men than women (table 1). 

The coefficient of correlation between the height of the normal knee-jerk and 
the increase induced by clasping the hands is negative and significant being 
—0.13 in the medical and —0.19 in the dental groups (table 2). Even greater 
correlations were obtained (-1-0.52 and -fO.69, table 2) when the increase, above 
normal, obtained by clasping the hands is compared to the increase obtained by 
sensoiy stimulation. This correlation is positive indication that an individual 

TABLE 2 

The coefficients of correlations (12) are shovm for all possible comparisons between the normal 
knee-jerk, three different types of reinforcement and grades obtained in Physiology 
In each square the “R” for students of medicine is given first with its standard error, 
below this are the “R” and standard error for the students of dentistry. If the “R” is 
three or more times its standard error the correlation is regarded as significant and 
marked by an asterisk. Number of students as in table 1. The means (medical above) 
with their standard errors are shown at the bottom of the table. 


Standard error of “R” == — 

vn 


Grades 



Normal 

-0.01 ±0.038 
-0.05 ±0.044 



1 

Sensory reinforcement 

-bO.Oa ±0.037 
-0.05 ±0.044 

-0.01 ±0.038 
+0.01 ±0.044 



Hand clasp reinforce- 
ment 

+0.03 ±0.037 
-O.OG ±0.044 

-0.13 ±0.037* 
-0.19 ±0.043* 

+0.52 ±0.027* 
+0.69 ±0.023* 



Problem reinforce- 
ment 

+0.02 ±0.038 
-0.07 ±0.044 

-0.11 ±0.037 
-0.16 ±0.043* 

+0.29 ±0.034* 
+0.26 ±0.041* 

+0.40 ±0.031* 
+0.43 ±0.036* 


j 

Grades 

80.1 ±0.300 
76.9 ±0.432 

Normal 

8.53 ±0.175 
8.49 ±0.224 

Sensory 

reinforcement 

6.50 ±0.166 

5.51 ±0.179 

Hand clasp 
reinforcement 

5.95 ±0.169 
5.44 ±0.159 

Problem 

reinforcement 

2.04 ±0.170 

1.04 ±0.189 


who gave a high Imee-jerk during sensorj'' reinforcement also responded well when 
the hands were clasped. 

Clasping the hands did not always give a liigher knee-jerk, ol or 4.4 per cent 
of the combined medical and dental students showed no change and 68 or 5.6 
per cent showed a decrease from their noiTnal. The figures for the women were 
zero and 3 or 8.3 per cent for no change and a decrease in the height of the knee- 
jerk respectivel}'. 

When the subject was engaged in mental actmty as during the solving of a 
problem the knee-jerk was increased about 19 per cent above normal in both the 
men and, women (table 1). In the men tliis change was significantly above 
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normal as shown by a “significant ratio” of 7.1, but in the women group the 
number of observations was much smaller and the Imee-jerk taken during the 
solving of a problem was not significantly different from the normal, the “signifi- 
cant ratio” being 1.5 (table 1). 

There is a negative con*elation betiveen the height of the normal knee-jerk 
and the increase in height that occurred during mental activity. In case of the 
medical students this figure is —0.11 or almost three times its standard eiTor 
Avhile in the dental group it is -0.16 or about four times its standard eiTor 
(table 2). Wlien the increase in height of the knee-jerk induced by mental . 
acti\dty is compared to the increased height brought about by sensory stimula- 
tion and during clasping of the hand the correlations are positive and very sig- 
nificant (table 2). This again emphasizes the fact that an individual Avho gives 
a higher knee-jerk during sensory stimulation will also be likely to show rein- 
forcement of a similar magnitude when the knee-jerk is modified by either clasp- 
ing the hands or bj'" mental activity. 

In a considerable number of individuals mental activity did not increase the 
height of the knee-jerk. In 115 cases or 9.4 per cent of the men the knee-jerk 
during tliis period Avas unchanged and in 368 or 30.2 per cent it Avas beloAv normal. 
In 1 or 2.8 per cent of the Avomen the knee-jerk AA'as unchanged and in 8 or 22.2 
per cent it AA'as beloAV normal. 

Discussion. These experiments coA^ered an eleA’-en year period and during 
this inteiwal the data AA^ere not in anj’- Avaj’’ anatyzed for fear that such infoimation 
might influence the procedure and modify the results. It is very interesting to 
find that the mean A-alues for the normal knee-jerk and for the three periods of 
reinforcement are so closely alike in the medical and dental gi’oups. This AA'ould 
seem to indicate that the number of indmduals AA'as sufficient or eA'en beyond 
that required for anabasis of data of this kind AA’hich represent a measurement of 
muscle tonus and, therefore, subject to considerable A^ariation as attested b}^ large 
coefficients of A'az’iation. 

The interest a student shoAA's in a course is obviously associated AA'ith the grade 
attained. It was thought that an interest in doing well in this experiment might 
be reflected in the height of the knee-jerk especially AA'hen the knee-jerk AA'as 
reinforced by hand clasping and sohung a problem. • ^ o' test this relationsliip 
the student’s grade in Phs^siologj" has been correlated vith each of the fom- 
knee-jerk periods. These correlations are small, insignificant and shoAV no trend 
in either a negatiA’^e or posittye direction (table 2)., 

A fcAV students gaA^e practically no normal knee-jerk eA^en Avhen the bloAv de- 
Ih'ered to the ligamentum patellae AA'as A'eiy strong ; fiA'e of the medical students 
gaA'e mean A'alues of less than 1.0 mm. and in two of these the knee-jerk AA'as 0.1 
mm. in height. In the dental students the number beloAv 1.0 mm. Avas four and 
in three of these the mean was 0.1 mm. Such Ioaa' mean A^alues are made possible 
because the record shows a A'acant space AA'hen the knee-jeik AA'as zero and these 
spaces counted in the number of responses. 

Reinforcement Avas one of the problems dealt AA'ith in the first knee-jerk 
studies (12, 13) and in hundreds of papers since then. Therefore, no one ques- 
tions its occurrence but AA'hat is it related to and Avhat is its magnitude? One 
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factor that it is obviouslj'’ compared to is the height of the normal knee-jerks 
taken just pre\doiis to the reinforcement. Yet as "we have seen this relationship 
is hot fixed and when the normal height is correlated mth the height induced 
sensory stimuli (pulhng the hair), overflow of impulses (clasp of the hands), or 
mental activity (solving a problem) the resulting figures are not impressive, being 
—0.01, +0.01, —0.13, —0.19, —0.11, and —0.16 for the “R” in each of the six 
possible comparisons given in table 2. Neither is the effect of reinforcement of the 
knee-jerk always predictable in direction nor in magnitude of change from normal. 
For example, 483 or 39.6 per cent of the ,1220 men subjects failed to show any 
reinforcement of the knee-jerk when sohdng a problem and 122 or 10.0 per cent 
not only failed to show reinforcement as a result of clasping the hands but manj'" 
of them gave knee-jerks tha,t were less than normal. The magnitude of the 
change brought about b}'’ attempts to reinforce the knee-jerk is, likevdse unpre- 
dictable and individual subjects varied Avidety. The per cent change from the 
normal mean showed a range of —96 to +551 per cent, —67 to +568 per cent 
and —100 to +687 per cent during periods of reinforcement due to sensoiy stim- 
uli, hand clasping and mental activity respectivel 3 ^ One must bear in mind 
that these Avere untrained subjects and that no attempt AA^as made to correct anj^ 
of the results bj^ a subsequent experiment. In some cases failure to obtain a 
higher knee-jerk ma^’’ haA’-e been due to faulty timing of the reinforcement as 
others haA'-e sIioaati (13). This criticism is not applicable to the results obtained 
during a period of mental activity nor is it ahvays likely to be valid for the other 
tAA'o periods of reinforcement obtained in these subjects because the application 
of reinforcement aa’-rs timed AAuth reasonable care and also because the analyses 
are based on mean values representing 15 to 20 reactions for each period. 

SUJIMARY 

Knee-jerk records Avere obtained in 1256 students. Changes induced by 
sensorj’- stimuli, clasping the hands and mental actiAuty AA’^ere studied in each 
subject. 

The mean height of the normal Icnee-jerk varied AA’idelj'^ and the coefficient of 
variation for the normal AA'as often larger than it Avas during periods of reinforce- 
ment. The changes induced b}’’ reinforcement AA’ere not predictable in either 
direction or magnitude. Correlations betAA'een height of the normal knee-jerk 
and height obtained bj’’ reinforcement are A’^ery Ioav and the coefficient of corre- 
lation ranged from —0.19 to +0.01. 

Mental capacity as represented bj'' grades in ph 3 ’’siolog 3 '’ is not related to the 
height of the normal Icnee-jerk or to the changes induced by reinforcements. 

Correlations betAA’een the height of the knee-jerk reinforced b3’' sensor3'’ stimuli, 
b3^ clasping the hands and b3’' mental actiAdt3’ are A’-eiy high and the coefficient 
of correlation ranged from +0.26 to +0.69. 

The Icnee-jerk responses of medical and dental men students AA’ere quite alike. 
In women h3’persensitiAdt3’' of this reflex AA’as eAudent. 
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An increase in blood lactic acid has been observed during hippuric acid syn- 
thesis from ingested sodium benzoate in man (1). The changes in blood lactate 
paralleled the trend of the uric acid retention which occurs after ingestion of 
sodium benzoate. As uric acid retention also occurs after ingestion of lactate (2) 
it was decided to studj’: changes m blood lactic acid which were expected to occur 
follovdng ingestion of lactate and to correlate these vdth the uric acid excretion. 

hlETHODS. The subjects of the stud}' were male schizophrenic patients with 
no clinical e^ddence of physical disease. All subjects were studied in a fasting 
state and were reclining hi bed during the period of observation. Five urine 
samples were collected in approximately one-hour periods, the first timed sample 
sendng for control comparison. Approximately 10 minutes before the end of 
the fii'st (control) period, 2.5 milliequivalents of lactic acid^ per kilogram body 
weight, partially neutralized with 0.8 equivalent of sodium hydroxide for each 
equivalent of lactic acid, was ingested and followed by a glass of water. One 
drop of oil of peppeimint was added to each dose as a corrigent of taste. Under 
these conditions a shghtly higher amount of lactic acid was found in those sam- 
ples which were collected at least 10 minutes after ingestion of the lactic acid. 
It was therefore deduced that absorption of lactic acid began vithin a few minutes 
following ingestion. 

Blood samples were collected from a cubital vein, with a minimum amount of 
stasis, preceding the ingestion of lactate and at the half-times of several periods 
following the ingestion of lactate. One glass of water was ingested before each 
voiding (after collection of blood samples) to facihtate urine sampling. Uric acid 
in urine and serum -was determined by the method of Fohn (3), p}T.’uvic acid in 
trichloracetic blood filtrates was estimated as its di-nitrophenyl-hydi’azone by 
the modification of Bueding and Wortis (4), and lactic acid in the same filtrates 
by the method of Barker and Summerson (5). The latter method was also suc- 
cessfully apphed to the estimation of lactic acid in diluted uiine. 

Results. The blood lactic acid values were considerably liigher during the 
fii'st and second hours following the lactate ingestion when compared to the 
pre-test levels. The highest values ranged from 12.2 to 18.5 mgm. lactic acid 
per 100 ml. blood. The average increase in 6 subjects in whom samples were 
obtained during the first or second peiiod following ingestion of lactate was 8.4 
mgm. per 100 ml. of blood. A concomitant increase in the pyravic acid level 
accompanied the increase in lactic acid. 

The uric acid excretion decreased in all subjects wiio ingested 2.5 milh-equiva- 

^ “Reagent Mallinckrodt.” 
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lents of lactic acid per kilogram body weight. The lowest rate of uric acid ex- 
cretion occun-ed duiing the first or second period following ingestion of lactate 
and was approximately one-half that of the pre-test period. No decrease in 
uric acid excretion occurred in two subjects who had ingested only 1.6 milli- 
equivalents of lactic acid per kilogram bodj' weight. 

Tlie decrease in uric acid excretion was not proportional to the increase in blood 
lactic acid. However, a significant correlation was found between the absolute 
blood lactic acid level and the uric acid excretion rate in samples collected for 
four hours following the ingestion of lactate (cf. fig. 1). The correlation co- 
efficient between these two values was —0.82 db 0.051. 

The uiinaiy excretion of lactic acid increased markedly following ingestion of 
lactate. The lactic acid excretion was somewhat correlated to the blood lactic 
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Fig. 1 Fig. 2 Fig. 3 

Fig. 1. Scattcr-diagrara showing relationship between uric acid excretion rate in milli- 
grams per kilogram body weight per hour (ordinate) and blood lactic acid in milligrams 
per 100 ml. blood after ingestion of lactic acid. Correlation coefficient = —0.82 ± 0.051 
(7 subjects). 

Fig. 2. Scatter-diagram showing relationship between lactic acid e.xcretion in milligrams 
per hour (ordinate) and blood lactic acid in milligrams per 100 ml. blood after ingestion of 
lactic acid (7 subjects). 

Fig. 3. Scatter-diagram showing relationship between uric acid excretion rate in milli- 
grams per kilogram bodj' weight per hour (ordinate) and blood lactic acid in milligrams per 
100 ml. blood in 25 fasting and resting subjects. 


acid levels (cf. fig. 2), although it remained considerably above the pre-e.xpeii- 
mental rate even after the blood lactic acid returned to and fell beloAV the initial 
level (subject J. K. in table 1). 

Comment. The good con-elation of the uiic acid excretion vith the blood 
lactic acid level seems to indicate that the retention of uric acid following inges- 
tion of lactate is effected through a change in the blood lactic acid level. The 
lack of linearity of the correlation in the individual subjects (cf. table 1) suggests 
that additional factors enter into the mechanism. 

Tidien the changes in the blood lactic acid and in the uric acid retention follow- 
ing lactic acid ingestion were compared with those wliich occur during hippuric 
acid sjmthesis, it was noticed that the increase in blood lactic acid was signifi- 
cantly smaller following sodium benzoate ingestion (average 1.5 mgm. per cent 
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in 24 subjects) even though the uric acid retention was more pronounced than it 
was following lactic acid ingestion. There was no significant correlation between 
the blood lactic acid and the uric acid excretion following sodium benzoate in- 
gestion (correlation coefficient = —0.29 ± 0.100) as contrasted with the good 
correlation follovdng lactic acid ingestion. 

Benzoic acid rated on an equi-molecular basis had a more powerful uric acid 
retaining effect than had lactic acid. The lowest uric acid excretion rate follow- 
ing ingestion of 2.5 milli-equivalents of Jactic acid per Idlogram body weight 
averaged 0.476 of the pre-expeiimental excretion rate in 7 subjects, while the 
ingestion of 0.55 milli-mol of sodium benzoate per kilogram body weight lowered 
the uric acid excretion to 0.238 of the pre-experhnental excretion (24 subjects). 

TABLE 1 


Changes in the blood levels of lactic and pyruvic adds, and in the urinary excretion of uric and 
lactic acids following ingestion of lactic acid in two representative subjects 


URINE SAitPLES 

BLOOD SAMPLES 

Time 

Volume 

Lactic acid' 

Uric acid 

Time 

Lactic acid 

Pyruvic 

acid 

Serum uric 
acid 


Subject A. D., age 39, weight 54 kgm., 0.135 equivalent of lactic acid ingested at 8:55 a.m. 


8.07-9.07 

10.04 

11.06 

12.08 

1.04 

ml. 

150 

104 

67 

241 

272 

mgm./UouT 

3.9 

86.4 ■ 
63.6 
44.8 
27.1 

m^m-lkour 

21.0 

11.0 

10.0 

18.9 

17.2 

8.28 

9.33 

10.35 

11.38 

12.39 

mgm./lQO ml. 

5.8 
18.5 
16.0 
• 9.7 

8.1 

mgm./lOO ml. 

0.63 

1.07 

1.21 

0.84 

0.77 

mgm./IOO ml. 

4.1 

Subject J. K., 

age 20, weight 64 kgm., 0.161 equivalent of lactic acid 

ingested at 8:50 a.m. 

8.05-9.01 

• 244 

11.8 

31.9 

8.23 

8.0 

WM 


10.00 

120 

160.0 

13.5 

9.27 

15.2 


3.9 

11.00 

66 

113.5 

18.6 

10.31 

16.0 

1.23 


12.04 

124 

86.8 

32.4 

11.30 

10.5 

0.86 


1.00 

142 

43.4 

23.7 

12.34 

6.5 

0.74 



On the basis of these results it is estimated that benzoic acid is approximately 
10 times more effective in retaining uric acid than is lactic acid on an equi-mole- 
cular basis. 

If the retention of uric acid follovdng sodium benzoate ingestion were to be 
mediated tlu’ough changes in the blood lactic acid level the latter would be ex- 
pected to increase to values much higher than actually obsei'ved under the ex- 
perimental conditions. The changes in the blood lactic acid level following 
ingestion of benzoate are apparentlj'' only tangential to the main pathway of the 
causative mechanism of the uric acid retention as contrasted -with the conditions 
followmg lactate ingestion, in which the blood lactate changes form a quantita- 
tive link of the mechanism. 

Uric acid excretion correlates with the blood lactic acid level also under condi- 
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tions in which no outside inteiwention is imposed upon the organism. Thus, a 
correlation was found between the two values in samples obtained from 25 
resting and fasting subjects who were not undergoing any experimental proce- 
dures. The correlation coefficient —0.42 ± 0.101 is relatively low (cf. fig. 3). 

On the basis of these three independent tests of correlation it may be con- 
cluded that uric acid excretion is linked with the level of blood lactic acid. The 
obsen>^ations after lactic acid ingestion imply that the blood lactic acid level may 
have controlling influence on the excretion of uric acid b}' the kidney, 

SUMMARY 

The relation of the blood levels of lactate and pj^ruvate to the excretion of uric 
acid bj^' the kidney following ingestion of lactic acid was investigated and the 
results compared with the blood-lactate increase obsen^ed after the ingestion of 
sodium benzoate. 

The uric acid excretion was conelated to the blood lactic acid level for four 
hours following ingestion of lactic acid, the correlation coefficient being —0.82 ± 
0.051. 

Following lactate ingestion, the blood lactic acid increased to values con- 
siderably higher than found after ingestion of benzoate, although the reverse 
was found for the retention of uric acid which was higher after benzoate ingestion. 

A moderate correlation of uric acid excretion vdth the blood lactate level was 
observed in 25 resting and fasting subjects. 

The correlation between the blood lactic acid level and the uric acid excretion 
is considered evidence of a controlling influence of some phase of lactic acid 
metabolism on uric acid excretion. 
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Wliile the conventional analysis of gastric juice aspirated from the stomach 
may ideally give evidence as to the secretory activitj’- of the stomach as a whole, 
it fails to indicate the acidity of anj^ given spot on the surface of the mucosa and 
does not permit a comparison of the reactions of different regions of the stomach 
to a given stimulus. In stud\dng the effects of pedicle jejunal grafts in the wall 
of the stomach on gastric secretion in animals we have therefore emplo 5 ’’ed in 
addition the technic of direct measurement of the pH of the surface of the gastric 
mucosa b 3 >' inserting the electrodes of the Beckman pH meter through a 
gastrotomy. 

Method. Ten normal mongrel dogs of both sexes were used in these experi- 
ments which were carried out under nembutal intravenousty (0.2 grain per 
pound of bod}'- weight) or inhalation ether anesthesia. "No differences in response 
could be traced to the anesthetic agent emplo.ved. After making a gastrotomy 
on the anterior surface of the stomach about midwa}’’ between pylorus and cardia 
the electrodes of the pH meter were inserted and applied with firm steady pres- 
sure to the desired point on the surface of the mucosa. When contact is estab- 
lished there is an immediate deflection of the indicating needle of the meter which 
remains stead}'" as long as contact is maintained — up to 10 minutes in instances 
in which this point was specificalty investigated. After the animals had had 
pedicle grafts implanted, usuallj' about midway between cardia and pylorus on 
the anterior wall of the stomach, the gastrotom}’- was made just cephalad to the 
implant. 

In this manner seven different regions of the anterior of the stomach were exam- 
ined, the pjdorus (P), the anterior (A.A.) and posterior (P.A.) surfaces of the 
antrum, the lesser (L.C.) and greater (G.C.) curvatures at about their mid points, 
the posterior surface of the fundus (F) and the cardia (C.). After making the 
first series of observations the animals were given 1 mgm. of histamine phosphate 
subcutaneously and further observations carried out 10 and 20 minutes later, 
at which time previous studies had indicated that the secretion of acid was at 
its height. All the data so obtained are recorded in table 1. In order to give a 
more or less composite picture the logaiithms of the averages of the antiloga- 
rithms of the individual pH determinations are included. 

Results. No significant differences in 'the fasting examinations before and 
after the implantation of the jejunal grafts are demonstrable. In 38 instances 

1 This study was carried out under a grant from the John and Mary R. Markle Founda- 
tion. 


75 



76 


^Y. DEW. ^VXDRUS, J. W. LORD, JR. AXD P. STEFKO 


the pH fell slightly while in 32 it rose, but the total change was of no significance 
and no pattern was evident. 

Ten minutes after the administration of histamine, however, the picture was 
strikingl}’- altered. In 61 instances the pH of the surface of the mucosa of the 


TABLE 1 


pH of the surface of the mucosa of 7 regions of the stomach before and after jejunal 

implant 


rASTDfO 


10 MIN, AFTER niSTAMINE 


20 MIN. AFTER HISTAlnNE 


akimal 

NO 

B1 

A1 

P 



4.9 

5.9 

AA 

PA 

LC 

GC 

F 

C 

2.9 

2.8 

u 

tc 

%s 

P 

P 

2.2 

5.8 

AA 

PA 

LC 

GC 

F 

1.8 

0.8 

C 

1.3 

2.5 

iJ 

tc 

i| 

P 

3.0 

6.4 

.4A 

PA 

LC 

GC 

F 

1.5 

6.9 

C 

1.1 

1.9 

O 

tc 

ei 

h tn 
Se til 

o g 

J 

1,7 

0.0 

1 

3.9 

G.7 

m 

0.6 

6.2 

3.1 

0.3 


4.3 

5.7 

4.2 

0.8 

2.0 

6.6 

3.4 

7.1 

1.8 

7.1 

2.5 

0.3 

B 

m 

1.5 

7.4 

1.5 

7.5 

1.3 

6.8 

2 

B1 

A1 

G.2 

G.E 

G.O 

7.3 

5.8 

0.5 

3.3 

5.4 

4.4 

2.4 

6.6 

2.0 

0.8 

1.7 

5.8 

5.1 

2.5 

6.9 

5.9 

6.8 

5.3 

6.7 

1.3 

7.1 

2.7 

6.8 

3.2 

5.7 

2.0 

2.6 

3.6 

0.3 

1.1 

0.7 

4.0 

7.1 


1.2 

7.0 

1.6 

O.S 

1 

1 

2,2 

6.5 

3 

B1 

A1 

i 

1 

6.2 

6.3 

5.1 

6.5 

1 

0.9 

0.8 

m 

m 

2.9 

6.8 

5.0 

6.8 

■ 

2.8 

4.2 

2.7 

0.9 

1.8 

7.1 

3.4 

5.2 

5.8 

6.3 

3.9 

6.2 

3.8 

5.7 

4.2 

4.3 

3.4 

4.3 

2.3 

5.0 

1.0 

1.9 

1 

I 


2.0 

4.5 

i 


3.S 

2.9 

G.2 

4.3 

4.6 

5.9 

6.1 

1.9 

0.9 

3.1 

5.0 

2.8 

5.6 

2.0 

5.0 

3.2 

1.0 

6.2 

1 

4.8 

6.8 

1.2 

0.7 

4.7 

5.0 

4.7 

5.2 

1.1 

2.4 

3.5 

5.5 

i 

m 

4.6 

0.8 

4.5 

5.6 

1.2 

0.9 

1.0 

0.9 


1.1 

5.1 

2.4 

6.2 

5 

B1 

A1 

m 

m 

2.8 

3.9 

1.4 

3.6 

3.1 

5.6 

II 

m 

4.0 

2.3 

4.0 

1.8 

3.3 

3.5 

1.0 

6.1 

1 

1.3 

5.0 

1.5 

0.8 

1.2 

7.1 

1 

m 

i 

1.5 

0.5 

0.7 

C.5 

1.5 

5.7 

1.5 

0.0 

I 

i 

i 

1,4 

6,0 

0 

B1 

A1 

7.2 

2.2 

7.2 

6.5 


n 

0.8 

4.6 

6.4 

3.8 

4.0 

7.0 

3.5 

2.1 

3.4 

0.0 

0.5 

3.9 


i 

1 

7.1 

6.5 

1.1 

5.3 

1 

1.3 

2.4 

2.7 

5.0 

0.9 

5.5 

0.9 

0.8 

1.1 

0.3 

o.s 

5.5 

1.4 

6.0 

0.9 

4.0 

i 

1.0 

5.5 

7 

B1 

A1 

6.7 

2.9 

6.6 

6.9 

G.S 

7.9 

6.5 

6.7 


5.7 

6.5 

2.3 

7.1 

2.4 

7.1 

0.6 

6.7 

2.2 

0.5 

2.1 

5.1 

4.2 

0.0 


2.1 

7.1 

1.7 

7.2 

1.7 

7.0 

■ 

2.6 

7.4 

2.3 

6.3 

2.1 

7,0 

8 

B1 

A1 


2.5 

2.3 

3.2 

2.0 

2.3 

5.3 

4:5 

2.7 

4.3 

1.5 

1 

I 

1 

m 

H 

3.7 

4.3 

4.2 

4.1 

1.4 

5.4 

1.3 

5.6 

1 


1 

1.4 

2.4 

I 


1.3 

2.1 

Rl 

I 

2.1 

4.5 

9 

B1 

A1 

C.5 

6.3 

6.2 

5.2 

1 

0.5 

5.9 

6.8 

5.3 

6.4 

0.1 

1 

6.0 

5.9 

4.1 

0.0 

5.8 

6.5 



3.5 

7.0 

2.8 

6.2 

1 

4.4 

0.3 

4.4 

4.8 

5.5 

6.1 

2.2 

5.3 

3.7 

5.9 

1.9 

5.4 

2.5 

0.2 

3.6 

5.2 

3.6 

5.6 

10 

B1 

A1 

7.2 

1.5 

3.9 

5.6 

1 

i 

B 

I 

m 



1 

I 

0.2 

3.2 

4.8 

6.8 

3.5 

6.7 

2.3 

3.2 

2.6 

2.2 

1 

I 

1.6 

7.1 

I 

I 

1,3 

7.0 

1.5 

5.2 

I 

2.9 

5.7 

Logs of 
averages 
of anti- 
logs 

B1 

A1 

5.G 

4.5 

5.0 

5,7 

5.2 

5.5 

5.4 

5.5 

5,4 

5.0 

5.3 

4.4 

5.3 

3.0 

5.2 

4.9 

4.0 

5.2 

3.6 

6.1 

3.6 

6.1 

4.1 

6.6 

2.7 

0.3 

3.0 

6.1 

2.4 

4.1 

3.3 

5.9 

3.3 

5.8 

2.9 

0.4 

2.5 

5.8 

1.7 

0.3 

1.6 

5.9 

1.7 

3.0 

1.8 

4.9 

2.3 

0.1 


B1 = before jejunal implant. 
A1 = after jejunal implant. 


same region of the stomach was higher in the grafted animal than before the graft 
had been implanted, while in 9 it was slightly lower. The logarithm of the 
average antilogarithm repre.senting the pH of the seven regions of the stomach 
tested was considerably higher in the grafted anipials as compared to that in the 
normal, and of perhaps even greater importance was significantly higher than 
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that of the grafted animals themselves durmg the fasting examination. More- 
over, the greatest rises in pH were found in those regions of the stomach in which 
the secretion of acid is usuall}’’ most active. 

The picture was further developed 20 minutes after histamine, 68 of the 70 
tests in the 10 grafted animals shoving a rise in pH. , AiTiile the pH in the normal 
animals tended to reach still lower levels, that in the experimental series moved 
in the opposite direction. The secretion of the graft studied both measure- 
ments of the pH of the graft after implantation and of washings of isolated jejunal 
loops has been found to be from 5.5 to 6.9 and to contain no appreciable titratable 
buffer (1). 


SU.MM.\RY 

A survej' of these data supports the idea that a pedicle jejunal graft implanted 
in the wall of the stomach exerts a direct effect upon the acid secretoiy mecha- 
nism since in the pattern of the alterations the greatest changes tend to occur in 
that part of the stomach in which the acid secreting glands are most plentiful. 
Further, smce these changes are consistent and much more marked after hista- 
mine, it would appear in this instance at least that the graft exerts its effects 
upon some phase of gastric secretion in wliich histamine plays an important 
role. 


REFERENCE 
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It was first noted by Edkins (1906) that aqueous extracts of the pyloric mucosa 
stimulated gastric secretion when injected intravenously into cats. In Edkins’ 
expenments extracts of the fundic mucosa did not stimulate gastric secretion, 
Edkins and Tweedy (1909) named the active principle in these extracts gastrin. 
Popielski (1920) demonstrated that histamine caused secretion of gastric juice 
and associated this substance with vasodilatin which he had found similar to 
Edkins’ gastrin and which he found could be extracted from a nude variety of 
tissues including both fundic and antral mucosa. Sacks, Ivy, Burgess and 
Vandolah (1932) isolated histamine in ciystalline form from hog pyloric mucosa. 
Gavin, McHenrj’’ and Wilson (1933) studied the histamine content of gastric 
mucosa and gastric muscle from dogs. The}- found that the mucosa had a much 
higher content of histamine than the muscle and that the fundic mucosa con- 
tained more liistamine than the antral mucosa. We have made a study of the 
histamine activity extractable from the gastric mucosa of various regions of the 
stomach in man. 

Methods. The mucosa was obtained from specimens jemoved surgicall}’’ 
during the course of gastric resection. Specimens of mucosa were obtained from 
ten patients. Six of the patients had a benign ulcer, either gastric or duodenal; 
four of the patients had gastric carcinoma. Three of the patients had achlor- 
hydria as indicated bj^ no free hydrochloric acid in the aspirated gastric contents 
after the subcutaneous injection of 0.5 mgm. histamine (table 1). 

Immediatelj' after its removal, the stomach was laid open along the greater 
curvature and representative regions of the antral and fundic mucosa were 
separated by .sharp dissection. After being trimmed to an approximate weight 
of 6 grams, each specimen was weighed accurateh', then placed in a porcelain 
mortar and ground with clean sand. Forty to 50 cc. of a 10 per cent solution of 
trichloracetic acid were graduallj* added, the grinding being continued until a 
homogeneous mixture was obtained. The mixture was then filtered through 
paper using a Buclmer funnel and mild suction. The precipitate was washed 
repeatedly with 5 per cent trichloracetic acid . ^Wlen the wa.shing was completed, 
the entire filtrate was transfeired to a graduate cjdinder and made up to a con- 
■v^enient volume, usually between 60 and 80 cc., with 5 per cent trichloracetic acid. 
Because histamine is stable in acid solution, the high!}" acid filtrate could be 
stored at this stage for long periods in the ice box without deterioration of its 

1 The researches presented here were .supported by grants from the Graduate School of 
the University of Minnesota and l)y a grant for teclinical assistance by the Work Projects 
Administration, Official Project no. 165-1-71-124, Subproject no. 399. 

- Present address — Jlayo Foundation, Rochester, Minnesota. 
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liistamine activity. "V^Then the extraction and histamine estimation were to be 
completed, the filtrate was chadded into equal parts and these were treated as 
duplicate samples. 

In a few jireliminaiy observations the trichloracetic acid was removed from 
the fiiltrate by shaking vdth ether in a separating funnel, discarding the ether and 
repeating the procedure until the filtrate was neutral to Congo paper. The 
filtrate thus freed of the trichloracetic acid was evaporated to dryness. The 
dried residue was dissolved in about 10 cc. of physiologic saline solution, neu- 
tralized, and its ability to induce gastric secretion tested by injection into dogs 


TABLE 1 

The histamine activity of fundic and antral gastric mucosa in man 


KUiniER, AGE 
AND SEX 

CLINICAL DIAGNOSIS 

j 

PATHOLOGIC DIAGNOSIS OF 
RESECTED SPECIMEN 

PREOPERA- 
TIVE 
MAXIMAL 
FREE AaD 

HISTAMINE ACTIVITY 
(inLLIGRAMS 

PEE. KGM. MUCOSA) 



SECRETED 

TO 

HISTAMINE 

Fundic 

Antral 

1. 57 F 

Chronic duodenal ulcer 

h'lild chronic gastritis 

degrees 

102 

3.5 

3.4 

2. 38 M 

with retention 
Chronic duodenal ulcer 

Mild chronic gastritis 

64 

20.6 

12.5 

3. 29 M 

with retention 
Duodenal ulcer, partial 

! 

Mild chronic gastritis 

74 

5.6 

4.4 

4. 53 M 

retention 

Carcinoma of cardia 

Benign gastric ulcer 

0 

10.2 


5. 31 M 

Gastric ulcer with re- 

present 

Normal tissue 

i 

76 

6.7 


6. 51 M 

tention 

Gastric ulcer with re- 

Normal tissue 

86 


3.0 

7. 60 F 

tention 

Carcinoma of antrum 

Adenocarcinoma pres- 

0 

6.6 


8. 56 M 

Carcinoma of antrum 

ent 

Adenocarcinoma pres- 

0 

6.5 

6.4 

9. 70 U 

Carcinoma of antrum 

ent 

Scirrhous carcinoma 

32 

24.1 

(tumor) 

10. 63 M 

and retention 
Carcinoma of antrum 

present 

Mucinous carcinoma 

72 

7.8 




present 





with Heidenhain tj^pes of gastric pouches. All samples treated in this manner 
evoked a definite secretion of gastric juice. 

In the ten cases reported in this paper, the tricliloracetic acid filtrates were 
fm’ther purified and, in addition to injection into dogs vdth Heidenhain tj'pes of 
pouches, a quantitative assaj’’ of the histamine activity of the extracts was made. 
The procedures used were those described for the quantitative estimation of 
histamine activity in blood (Code, 1937). Ten cubic centimeters of concentrated 
hydrocliloric acid was added to each of the duplicate samples of the trichloracetic 
acid filtrate and these were boiled for one and a half hours (Barsoum and Gad- 
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dum, 1935). After boiling in the presence of hydrocldoric acid, the samples were 
dried three times in vacuo in the presence of alcohol. Either the dried residue 
■was taken up in -water, filtered, neutralized, made up to a definite volume and 
then assas’-ed, or an additional e.xtraction with absolute alcohol was performed 
as a further means of purifjdng the extract. When extracting with alcohol, the 
dried residue wns treated three times with 10 to 15 cc. of alcohol, with filtration 
between additions. Fifteen minutes or more was allowed between additions of 
the alcohol to obtain as complete histamine extraction as possible. The alcoholic 
filtrate was dried in vacuo, the re.sidue taken up in water, filtered, neutralized, 
and then made up to volume for assaJ^ 

The quantitative estimation of the histamine activit}' contained in the extracts 
was made on a portion of guinea-jiig ileum suspended in Tyrode’s solution. As 
a routine, atropine was added to the stock of T 3 Tode’s solution to minimize 
possible contraction of the ileum to choline compounds. The results of this 
assa.v w'ere expressed as milligrams histamine (base) activity per kilogram gastric 
mucosa. 

"^^Tien the estimation had been completed on the guinea-pig ileum, the gastric 
secretory action of the extracts was tested lyy subcutaneous injection in dogs 
Avith Heidenhain tjqjes of gastric pouches. Pilor to recei\'ing the injection the 
dogs had been fasted for thirtj" hours and the rate of fasting secretion from the 
pouches determined lyv collection for a number of half-hour periods. The free 
and total acidity of the samples of gastric juice was determined b}" titration with 
one-tenth normal sodium hydroxide using Topfer's reagent and phenolphthalein 
as indicatoi’s. The free hA'drochloric acid values w'ere used in calculating the 
milligi’ams of hydrochloric acid output from the pouch. 

Results. The histamine actiAut^’ extractable from the human gastric mucosa 
AA-as equiA’alent to from 24.1 to 3.0 mgm. histamine per kilogram mucosa (table 
1). In nine cases extracts Avere prepared from fundic mucosa. The histamine 
acthuty of this fundic mucosa wns equiA'alent to from 3.5 to 24,1 mgm. histamine 
per kilogram mucosa, AAith an aA'crage Amlue of 10.2 mgm. histamine per kilogram 
mucosa. Extracts of antral mucosa A\’ere made in four cases. The liistamine 
actmty of these extracts ranged from 3.0 to 12.5 mgm. histamine per lulogram 
mucosa, AA-ith an aA'erage A'alue of 5.8 mgm. histamine per kilogram mucosa. 

In three of the ten cases enough of the stomach AA-as remoA-ed at operation to 
alloAA' the preparation of extracts fi'om both fundic and antral mucosa. In one 
instance the antral mucosa contained much less histamine actiA-ity than the 
fundic mucosa (case 2, table 1). In the other tAA'o cases, although loAA-er A’-alues 
occurred AA'ith the antral mucosa, the differences AA-ere too small to be considered 
significant (cases 1 and 3, table 1). 

Xo significant difference AA-as found betAA-een the concentration of histamine 
actiA'ity in mucosa from stomachs AA-liich secreted free h\-drochloric acid and that 
in mucosa from stomachs Avhich did not secrete free hydrochloric acid in the pre- 
operatiA-e tests. LikcAAise, no significant difference was noted betAA-een cases in 
AA-hich ulcer of the stomach or duodenum Avas present and those in Avhich car- 
cinoma of the stomach AA-as present (table 1). In the one case in Avhich it Avas 
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studied, tlie histamine activitj’' of the cancerous tissue was 6.4 mgm. per kilogram 
and thus within the range found for the normal tissue. 

The secretagogic activit}' of all of the extracts was tested in dogs with Heiden- 
hain pouches. In ever^’- instance the subcutaneous injection of the extracts 
produced a secretion of acid gastric juice in excess of that observed during the 
basal or fasting iieriod. The magnitude of the response w'as small, the pouches 
generally secreting 20 to 50 mgm. of free h^’-drochloric acid vith a range of 9.2 
to 138 mgm. free h 3 'drochloric acid. The assaj’' on the guinea-pig ileum showed 
that the quantity of histamine activity contained in the injected extracts ranged 
from 15 to 120 micrograms. Such small amounts of histamine, when given to 
dogs with Heidenhain pouches, generalty produce secretoiy responses of about 
the same order as those obtained with the extracts. 

CoMWENT. The results of these experiments indicate that human gastric 
mucosa contains histamine. However, until histamine is actuallj'- isolated in 
ciystalline form from human gastric mucosa, a final conclusion cannot be drawn. 
Throughout this report the precaution has been taken to refer to the actiidty 
assaj'ed as “histamine actiidty,” although the evidence is in favor of the view 
that the activity was due to histamine. 

The concentration of liistamine acthdty found in human gastric mucosa is 
considerably less than that found in canine gastric mucosa bj'- Gaidn, McHenry 
and Wilson. The consistent difference noted bj'’ these authors between the 
pjdoric and fundic mucosa in the dog 'was not observed for man. In four fasting 
dogs they found an average histamine content of 69 mgm. per kilogram fundic 
mucosa and 39 mgm. per kilogram pjdoric mucosa, whereas in this study the 
average histamine content of the nine samples of fundic mucosa was 10.2 mgm. 
histamine and the average value for the four extracts of antral mucosa was 5.8 
mgm. histamine per kilogram. The dog generally secretes a more highlj'' acid 
gastric juice than that encountered in man, and the results raise the question 
whether or not this ma}^ be correlated 'tilth a higher histamine content of the 
gastric mucosa of the dog. Rather opposed to this possibility is the fact that in 
the series of human cases studied there w-as no correlation between concentration 
of acid in the juice from the intact stomach and the histamine content of the 
gastric mucosa. It should be pointed out that all of the cases studied had patho- 
logic lesions in the stomach. The three cases of the series vith achlorhydria for 
example had either gastric carcinoma or gastric ulcer and some degree of gastritis 
associated iwth the achlorh 3 ’'dria. Such cases are not suitable for tests designed 
to show* the presence or absence of a correlation between the amount of acid a 
mucosa may secrete and the amount of histamine it ma 3 ’' contain. The histamine 
content of the gastric mucosa of patients who have achlorh 3 'diia without asso- 
ciated carcinoma or ulcer might 3 ield interesting results. 

The quantity of histamine activity found in the gastric mucosa of man, al- 
though less than that of the dog, ivas nevertheless sufficient to evoke gastric 
secretion w’hen injected into a dog. The extracts injected into the dog usualh* 
represented about 5 grams of mucosa. Thus, in 5 grams of mucosa enough activity 
was present so that if it were released in vivo it could act as a humoral gastric 
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secretoiy agent. Also, if released in the mucosa in vivo it would most likely 
evoke a marked secretion from gastric glands in the ■vicinit3^ In human gastric 
mucosa, therefore, three is present sufficient histamine activity to allow local 
and humoral stimulation of gastric secretion. 

During this study no S3’’stematic search was made for acthdty in the extracts 
other than histamine. It ma3>- be stated, however, that throughout the assa3's 
on the guinea-pig’s ileum and the tests on the dog, no acthdty was encountered 
which could not be directly attributable to the presence of histamine. 

SUaiMAET 

The histamine activity extractable from human gastric mucosa was studied 
in ten cases. In nine of the cases extracts were made of the fundic mucosa and 
were found to contain activity equivalent to 3.5 to 24.1 mgm. histamine per 
kilogram fundic mucosa, vdth an average value of 10.2 mgm. histamine per 
kilogram mucosa. In four cases, extracts were made of antral mucosa. The 
histamine activity of these extracts ranged from 3.0 to 12.5 mgm, histamine per 
kilogram mucosa, vdth an average value of 5.8 mgm, histamine per kilogram 
mucosa. In three cases the histamine activity of the fundic mucosa was com- 
pared with that of the antral mucosa. The antral mucosa contained much less 
activity than the fundic mucosa in one case, but in the other two the concentra- 
tion was approximate^ the same. Upon subcutaneous injection into dogs with 
Heidenhain pouches all of the extracts produced a prompt secretion of acid 
gastric juice. The possible significance and some of the limitations of these 
results are discussed. 
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On the basis of various clinical observations it is frequently assumed that 
edema may result from vitamin Bi deficienc 3 ^ At least one-third of all cases of 
beri-beri, -which is generallj'- regarded as a vitamin Bi deficiency disease, are said 
to be associated with edema. Diuresis and subsidence of edema have been ob- 
served follo-Rung the administration of thiamin in patients with a history of 
malnutrition and vdth signs and symptoms characteristic of deficiency in this 
^dtamin (1, 2). More recent investigations, however, indicate that thiamin 
deficiencj’- does not lead to edema formation (3) . In a carefull}’’ controlled clinical 
study, female subjects were maintained for eighty-eight days on a diet suppljdng 
not more than 0.15 mgm. thiamin dailj'', which is approximately one-seventh of 
the amount regarded as the minimal dailj’- requirement. The diet was adequate 
in vitamin A, ascorbic acid, minerals, riboflavin and nicotinic acid. Symptoms 
and signs of vitamin B: deficiencj’-, such as depressed mental states, nausea, vomit- 
ing and loss of weight, developed, but there was no edema in any of the subjects. 

While it would appear from these studies that the edema which is frequentty 
found in beri-beri can not be attributed to a deficiency of thiamin, there remains 
the possibility that it may be caused by an insufficiency in the intake of other 
fractions of the B complex. Information on this subject should be of interest 
not only because of an}^ bearing it may have on nutiitional edema, but also for 
the contribution it may offer toward the elucidation of the mechanism which 
normally maintains a constancy in the water content of the tissues. The present 
investigation in which the albino rat was used as the experimental animal was 
undertaken to determine whether any particular fraction of the vitamin B com- 
plex is required for the maintenance of water balance. It was necessary to 
ascertain first whether an}’- alteration in the Avater content of the various organs 
and of the entire body occurs Avhen the animals are fed a ration containing none 
of the B complex while suppl 3 dng all other essential nutrients in proper pro- 
portions. 

Method. Thirty-two pairs of litter mates approximately 60 days old were 
selected from the colony and divided into experimental and control groups. The 
experimental animals were fed a A’-itamin B complex free ration^ for four Aveeks 
and the controls the same ration mixed AA’ith dry breAver’s yeast in the ratio of 10 

1 Preliminary report, Federation Proc. 2: 18, 1943. ( 

- The expense of this investigation was defrayed in part by a grant from the University 
Center of Georgia Research Fund. 

^ Obtained from the Research Laboratories of the S.M.A. Corporation. 
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to 1. All animals ^yere given daily 7 drops of a 6 to 1 mixture of cod liver oil and 
linoleic acid. A four -week pei’iod of feeding was decided upon after preliminary 
experiments in which it was found that a number of animals did not survive on 
the B-free ration beyond six weeks. The deficiency sjmdrome was quite pro- 
nounced at the end of four weelcs. Anore.xia was prominent and thez-e was ah 
appreciable loss of weight. The animals were apathetic when left alone but 
irritable when disturbed. 

As the food intake is greatlj'- reduced on a B-free ration because of the loss of 
appetite, it was necessary to run two sets of experiments to compare the effects 
of a diminished food intake nith those resulting fz*om the absence of the \'itamin 
complex. In one series the experimental and control animals were allowed to eat 
ad libitum while in the other the caloric intake of litter mates was equalized. The 
caloric value of the two rations was ascertained b}'’ combustion of aliquots in a 
bomb calorimeter. In the balanced experiments practically the same amount 
of food was consumed Isy the expeiimental and control groups since the caloric 
value of the two rations was appro.ximately equal. 

At the conclusion of the experiment the animals were fasted for 24 hours vith 
free access to water and then decapitated. The blood was collected in weighing 
Ijottles and the brain, liver, kidneys, gastrocnemius and a portion of the skin of 
the back in the region of the shoulders wei-e taken for determination of the water 
content. Immediateh’’ pilor to decapitation the hair was clipped off the portion 
of the skin marked for excision. The remainder of the body was ground first in 
a sausage grinder and then in a corn mill. This pi'ocedure has been found to 
3 neld a homogeneous mass (4). An aliquot of o to 10 grams was taken from the 
ground mass for analj'^sis of the water content. All these manipulations were 
done in a room saturated with water vapor. The tissues were dried in an evacu- 
ated de.siccator over CaCb for 48 hours and then to constant weight o^'er PjOs. 
We believe that this procedure gives more reliable results than diying in an oven, 
but as a check on our results, the tissues were kept in an oven at 105°C. after 
removal from the desiccator until thej^' again reached a constant weight. There 
was a further loss of weight in the oven of approximatel 3 ^ 1 per cent for all the 
tissues, which ma 3 ' have been due to loss of other substances than water (5). 
It was found that for comparative pui’poses the results obtained b 3 ' the two pro- 
cedures were the same. 

Results. When the animals were allowed to eat ad libitum those on the B- 
free diet consumed much less food over the entire experimental peiiod than the 
controls on the same ration with 3 '^east added. The males consumed the equiva- 
lent of 972 calories and the females 841 on the B-free diet while the intake of the 
controls was 1587 and 1330 calories, respectively. The experimental males lost 
23 per cent of their original body weight and the females 22 per cent although they 
were at the age when normall 3 ’^ thei'e is rapid growth. The control males on the 
other hand gained 39 percent and the females 32 per cent in bod 3 ’ weight. 

In the balanced experiments thero was a greater loss of weight on the B-fz-ee 
than on the control ration. The males lost 18 per cent of their original body 
weight and the females 19 percent on the B-free ration while the control animals 
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consuming the same amount of food lost ,4 per cent and 13 per cent, respectiveljL 
Since the caloric intake of the experimental and control groups was the same, it 
would appear that the absence of the B complex resulted in an impairment of the 
absorption of the food material. Data on the amount of food absorbed, however, 
is not available as the feces were not collected for analysis. 

The percentage water content of the tissues and of the body obtained bj’" diying 
in a desiccator is shovTi in table 1 for both groups of experiments on the two ra- 
tions. There was no significant difference in the water content of the brain, 
liver, kidnej’^s and muscle on the B-free and control rations either when food was 
taken ad libitum- or when the caloric intake was balanced. The skin and the bodj’- 
of the animals that were permitted to eat ad libiiim had a higher percentage water 
content on the B-free than on the control ration with j’-east added. When the 
food intake was equalized, however, there was no significant difference in the 

TABLE 1 


Percentage water content of various organs and of the hody of albino rats on a vitamin B~free 
ration and on the same ration with yeast added* 


TISSUE 

FOOD INTAKE AD ElBITUM 

CALORIC INTAKE EQUALIZED 

Males 

Females 

Males 

Females 

B-frce 

ration 

Same 

ration plus 
yeast 

B-free 
ration j 

Same 

ration plus 
yeast 

B-free 

ration 

1 

j 

Same 

ration plus 
yeast 

B-free 

ration 



per cent 

per eeiil 

per cent 

per cent 

per cent 

i 

per cent 

per cent 

per cent 

Brain 

77.6 

77.9 

77.5 

77.8 

77.4 

77.5 

77.6 

77.7 

Liver. . . . ; 

69.1 

69.3 

70.6 

69.2 

67.8 

69.0 

70.3 

70.5 

Kidneys 

75.9 

75.5 

76.5 

75.9 

75.5 

75.2 

76.4 

76.3 

Gastrocnemius 

74.4 

74.6 

74.0 

74.3 

74.1 

75.1 

74.4 

74.5 

Blood 

78.6 

79.8 

78.6 

79.9 

78.5 

78.7 

78.6 

78.3 

Skin 

62.8 

59.0. 

63.8 

55.3 

62.7 

64.1 

63.8 

61.7 

Body 

65.9 

60.4 

64.7 

58.8 

66.4 

66.5 

66.1 

65.6 


* Each value in the table is an average of 8 experiments. 


percentage of water in the entire body on the experimental and control rations. 
Tliere was a small difference in the water content of the skin. It will be observed, 
however, upon comparison of the experiments on the ration with j^east added that 
the percentage of water in the skin Avas considerablj^ higher when the food intake 
of the controls Avas restricted in the Ijalanced experiments than AAuth the larger 
food intake AAdien the animals Avere alloAA^ed to eat ad libitum. 

The aA’erage Avater content of the blood of all animals AA’as 78.6 per cent on the 
B-free and 79.9 per cent on the control ration in the ad libitum exijeriments. The 
numerical difference, although small, aa’rs statisticalh’’ significant. The percent- 
age Avas lower on the B-free ration in 14 out of 16 experiments. The reduction in 
the percentage Avater in the blood of the experimental animals AA’^as obAUously due 
to the smaller food intake for, when the caloric intake aa'rs equalized, the blood of 
the animals on the B-free ration contained 78.6 per cent AA’ater and that of the 
controls 78.5 per cent. 
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Discussion. The larger percentage of water in the body on the B-free than 
on the control ration when the animals were allowed to eat ad libitum., must be 
attributed to the small food intake and not to the absence of the B complex. 
This becomes obvious upon comparison of these experiments with those in which 
the caloric intake of the experimental and control animals was equalized. In the 
latter experiments the percentage of bodj'^ water was the same on the two rations 
although the control ration contained a liberal amount of the B complex. 

In grinding the body all the skin except the small portion that had been re- 
moved for dr 3 Tng was included. The values for the percentage water content of 
the body in thble 1 are consequentlj’' affected bj"^ the amount of water in the skin 
which was different on the two rations. It was shonm, however, bj’' calculations 
of the water content of the bodj'' exclusive of the skin, that the differences in the 
percentage water of the body on the two rations with ad libitum feeding can not 
be explained by differences that obtained in the water content of the skin. IVlien 
allowance was made for the total amount of water in the skin on the basis of the 
ratio of the weight of the skin to bodj'" weight, there remained a large difference 
in the percentage water of the bodj'- on the two rations which was statistical!}'' 
significant. The ratio of the weight of the skin to bod}’’ weight was determined 
b}'^ weighing the entire skin and bod}’- of other rats kept under the same conditions 
as those of the present experiments. Nor could the difference have been due to 
changes in the water content of the muscle or other organs. As shown in table 1, 
the percentage of water in the muscle and other organs was the same in the e.xperi- 
mental and control animals. It is suggested that the difference in the water 
content of the body on the two rations maj’’ have been related to a diminution in 
the fat in the bod}". There were no analyses made of the fat content of the body 
but it was apparent upon gross examination of the animals allowed to eat ad 
libitum that there was less fat in the body on the B-free than on the control ration. 
The experimental animals had lost an appreciable amount of weight and were 
emaciated. The percentage of water in the sldn has been shown to vary in- 
versely with the fat content (6), and it is not unreasonable to suppose that there 
probably exists a similar relationship between the percentage of fat and of water 
in the body. 

The larger percentage of water in the skin on the B-free than on the control 
ration ndth ad libitum feeding must be attributed, as in the case of the body, to 
the small food intake resulting from a deficiency of the vitamin B complex and not 
directly to the lack of the complex itself. The higher water content was probably 
related to a decrease in the fat content. In another series of similar experiments 
on 8 female rats which are not included in table 1, the percentage water in the 
skin on the B-free ration was 61.5 while that of the controls was 52.7; the fat 
content was 7.4 and 22.4 per cent, re.spectively. 

It is of interest to note that the sex difference in the water content of the skin 
which has been reported in preidous studies (6) did not obtain on the B-free ration 
but Avas observed when the animals were fed the same ration with yeast added. 
These results ivould suggest that the different percentage Avater content of the 
skin of the tAA"o sexes may be due to differences in the metabolic processes in the 
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tissue and that these processes do not function normally in the absence of the B 
complex. 

From their observations on the effects of induced thiamin deficiencj’’ in human 
subjects, Williams and his associates ( 3 ) were led to question whether the lack of 
thiamin is responsible for edema and the other classic features of beri-beri. The 
present experiments would suggest that the edema encountered in beri-beri may 
not be the direct effect of a deficienc3'’ of an3'’ of the fractions of the vitamin B 
complex. 


CONCLUSIONS 

The water content of the body of the albino rat was not directl3'' affected by 
deprivation of the vitamin B complex. 

The percentage of water in the bod3'^ of animals fed a B-free ration was higher 
than that in the controls on the same ration to wliich 3’^east was added. This, 
however, was not due to the lack of the B complex but to the reduction in food 
intake resulting from the vitamin deficiency. AVhen the food intake was 
equalized the water content of the body on the two rations was the same. 

The water content of the skin like that of the body was greatl3'' increased as a 
result of the diminution in food intake consequent to B complex deficiency. 
Conversely, the percentage of water in the blood was lowered, although only to a 
slight extent, b3’’ the reduction in food intake. 

There were no significant differences in the amount of water in the brain, liver, 
kidne3’’s and gastrocnemius muscle on the B-free and control rations. 
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Attempts are being made in this institute to investigate the rdle played by 
anteropituitary hormones in the mechanism regulating carbohydrate metabolism. 
Recently experiments were reported on the action of purified grovi;h hormone 
practically free of other “contaminating” hoimones, on pancreatic insulin con- 
tent in normal rats (1), on muscle glycogen in normal and hypophysectomized 
rats (2), on urinary sugar excretion in partially depancreatized rats (3), and on 
the respiratory quotient in normal and hypophysectomized rats (4) . The present 
communication deals ivith the effects of purified growth honnone on blood sugar 
in fasting hypophysectomized rats. 

Methods. Immature female rats were hjq)oph3’'sectomized at 26 to 28 daj's 
of age. After a postoperative period of approximate^ two weeks, the animals 
were fasted for 17 to 18 hours, and then one half of the rats were injected with 
growth hormone. Simultaneously vith each experimental animal, a rat of the 
group which served as control was injected with saline. Within 1 to 3 hours 
almost all the rats injected vith groud.h hormone exhibited commlsions. Im- 
mediately upon manifestation of such S5Tnptoms, each animal was anesthetized 
(sodium amytal), and a blood sample was taken from the vena cava for sugar 
anab'sis. Simultaneously vith each experimental animal, a control rat was 
ane.sthetized and its blood obtained in the same wa3\ The animals were then 
sacrificed and the region of the sella turcica examined carefully in order to check 
completeness of the hypophysectom3^ Blood sugar was determined according 
to a modification of Benedict’s method (2). 

The growth hormone preparations were cj'steine-treated globulin fractions, 
all except one further purified by fractionation by pH variation (5). Their 
growth hoimone potencies varied from approximately 25 to 200 IGU]hi No 
gonadotropic or adrenocorticotropic and only a trace of th3’Totropic hoimones 
were detectable in these preparations when the5’' were injected into h3^pophysec- 
tomized rats at a total dose of 5 mgm. (4 day test). Such preparations have 
alwa3’'s been found free of lactogenic hormone, when injected into immature 
pigeons at a total dose of 20 mgm. (4 day test, S3’'stemic injections). 

Results. Table 1 summarizes the results of 4 experiments using a total of 
86 rats. The average blood sugar levels of h3'pophysectomized controls (when 
fasted for approximately 20 In’s.) vure found between 40 and 47 mgm. per cent, 

1 Aided by grants from the Bo.-ird of Research of the University of California, the Na- 
tional Research Council Committee on Research in Endocrinology^ and the Rockefeller 
Foundation, New York City. 

* [GU]^?. = growth hormone units per milligram, 10 day test in hypophysectomized 
rats (6). 
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No hj’pogb'cemic symptoms such as torpor or coiiYHlsions ■were manifest in these 
controls, except in the case of a veiy few indi^dduals which had unusually low 
blood sugar values due to the fasting alone. "When a single dose of gro'wth 
hormone was administered to such hj’iJophj'sectomized rats after a fasting period 
of about 18 hours, the maiority if not all of these animals exhibited vithin 1 to 3 
hours tjTiical hj^ioglycemic S3Tnptoms such as convulsions or torpor. Their 
average blood sugar values were considerablj’' lower than those of the controls 
(bj' about 40-60 per cent). The difference was higlilj^ significant. The correla- 
tion between blood sugar levels and incidence of h5’pogtycemic S3mptoms was 
vor3’' good; onl3' when the blood sugar dropped below about 30 mgm. per cent 
were conwilsions exhibited. 


TABLE 1 


Exaccrhalion of the hypoglycemia in fasting hypophyscclomizcd rats hy the administration of 

growth hormone 


DOSK CROWTII 
HORMONR 

NUMBER or 
RATS 

j IKaDEKCE or n\TOGLYCEMlC 
j SYMPTOMS 1 

BLOOD SUGAR 

j 

Convulsions 

Torpor 

Mean value 

Decrease and 
st.andard error 

Decrease as % 
of control value 

900 

0 

11 

11 

per cent 

100 

0 

! 

per cent 

1 

0 

9 

mpn. per cent 

21 

47 

mpn. percent 

26 ±2.3 

55 

900 

11 

91 

9 

16 

24 ±6.5 

60 

0 

10 

0 

0 

40 



260 

14 

71 

0 

28 



1 





18 ±0.6 

39 

0 1 

j 

8 

0 

13 

46 



. SO 

10 

70 

30 

26 

i 

17 ±5.8 

40 

0 

11 

27 

9 

1 

43 




* GUhr = growth hormone units, 10 dajr test in hypophyscctomized rats. 


Further evidence for the convulsions being a consequence of the low blood 
sugar level was obtained in the following way: A group of h3'-poph3"sectomized 
rats Avas fasted and injected irith growth hormone as described abot'e. As soon 
as the animals showed commlsions, 1 cc. of a 20 per cent glucose solution was 
injected, and it was found that the S3’mptoms disappeared immediately. 

Since quantities as liigh as 4 mgm. of growth hormone were injected in the 
single dose emplo3’^ed, it Avas considered important to exclude the possibility 
that the obserA’^ed hypogtycemia AA^as a consequence of a non-specific “protein 
reaction.” For this reason, 5 mgm. of commercial casein (the portion soluble at 
approximate^ pH 8), AA^ere injected under conditions as described above to each 
of a group of 16 rats. TSTien compared Asdth their imtreated controls, these 
animals had practical^ identical blood sugar concentrations, and the3’ did not 
shoAA" any different s3'mptoms. 

The only anteropituitar3’- hormone found to “contaminate” the groAvth hor- 
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mone preparations here employed was th 5 Totropic hormone. Although the 
quantity of thyrotropic hormone present in these preparations was less than one 
per cent by weight, it was considered important to investigate whether thyro- 
tropic honnone or thyroxin could exert a blood sugar-lowering effect under these 
circumstances. For this purpose, thyroxin was injected instead of gro^vth 
hormone at a dose level of 10 micrograms to 8 hypophysectomized rats under 
conditions othermse identical with those described above. In contradistinction 
to the effects obtained with groviih hormone, comnilsions were not observed 
vithin 3 hours after the injection of thyroxin, and no significant difference in 
blood sugar values was found between experimental and control rats. It is 
ob^dous, therefore, that the depression of blood sugar cannot be attributed to 
the insignificant contamination of the growth hormone preparations with thyro- 
tropic hormone. 

Discussion. The experimental results reported above demonstrate that 
growth hormone causes a further depression of the blood sugar in fasting hypo- 
physectomized rats. It has already been observed that crude anteropituitar 3 ’' 
preparations may cause a lowering of the blood sugar level in animals mth an 
intact pancreas (7, 8, 9), and this action was tentatively^ attributed to a stimula- 
tion of the islet tissue, causing an increased insulm secretion (7, 10, 11). The 
expeiiments reported here suggest that the growth hormone present in these crude 
pituitary extracts may have been one of the factors (if not the only factor) re- 
sponsible for the reduction of the blood sugar concentration. The concept is in 
agreement with the researches of Mirsky (12) and of Gaebler (13) and their co- 
workers, all of which emphasized the possible mediation of insulin in the action of 
the grovdih hormone in provoking protein anabolism. 

SUMMARY 

Purified growth hormone was injected into hypophysectomized rats which had 
been fasted for approximately 18 hours. Within 1 to 3 hours, typical hypo- 
glycemic symptoms were observed, and the blood sugar level of these animals 
■was invariably depressed further than that of untreated controls fasted for the 
same period. 
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Reports have appeared in recent months to the effect that thiourea and some 
of its derivatives produce in some animals liyperplasia of the th3U’oid and hy- 
pothyroidism (1-3). Astwood (4) has studied a great number of compounds 
of the thiourea class and has found thiouracil (2-thio-6-ox5^pyrimidine) to be 
the most active member. Clinical experience has shown thiouracil to ameliorate 
the increased basal metabolism and other manifestations of thyrotoxicosis (5-7). 

The experiments to be reported were designed to test the action of thiouracil 
on organs from normal animals, as well as from those in which a state similar 
to clinical hyperthj’-roidism was induced by administration of th3’’rotropic 
hormone. 

1. Animals and dosage. Two main series of experiments were carried out. 

Series A. Wliite mature Wistar rats, weighing 250 to 300 grams, on a stock 

diet of Purina dog chow, were divided into four groups. Group 1 served as 
control. Group 2 received a solution of 0.5 per cent of thiouracil- in tap water 
in the form of its sodium salt as its sole suppl3'’ of liquid. Group 3 was injected 
subcutaneousl3'’ tAvice dail3" Avith 0.1 cc. of a preparation of thyrotropic hormone.® 
Group 4 received both thiouracil and thyrotropic hormone. 

At intervals of 2 to 3 da 3 ^s, animals from each group were killed and the res- 
piration of their organs Avas measured as described beloAv. 

Series Immature AALite rats, AA^eighing about 35 grams, AA^ere diAuded into 
groups 1 to 4 equiA^alent to those of series A, AAuth the only difference that the 
concentration of thiouracil in the drinking AA^ater Avas 0.25 per cent. The basal 
metabolism of these rats AA'as folloAA^ed for a period of 22 days (8). At the end 
of this time, four animals of each group AA^ere Icilled and the respuation of their 
organs Avas studied. 

2. Determination of tissue respiration. The animals AA'ere lolled b 3 ’^ a blow on 
the head and the th 3 a’oid, adi-enals, liver and diaphragm were excised. The 
liver AA’^as sliced AAuth a razor in the u.sual AA^ay. Thin strips of diaphragm muscle, 
near its abdominal attachment, AA’^ere used AAdthout further slicing. The Avhole 
th3u’oid and both adrenal glands AA’ere freed completely from surrounding tissue 
and cut into thin slices b 3 '’ means of small sharp scissors. 

^ Fellow of the Commonwealth Fund. 

- The thiouracil used in these experiments "was furnished by the Lederle Laboratories, 
Inc., Pearl River, N. Y. 

® Thyrotropic hormone (Antuitrin-T) was furnished through the courtesy of Parke, Davis 
and Co., Detroit, Mich.; 1 cc. of this preparation contains approximately 50 Junlonann- 
Scholler units. 

^ This series is the same as series B of Bissell and Williams (8) . 
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Tlie rate of oxj^geu uptake of these tissue preparations ^^'as measured in "War- 
burg respirometers Avith conA'entional flasks (volume approximate!}’' 12 cc.) 
in 3.0 cc. of the “phospliate medium”, the composition of which is shovni in 
table 1.® This medium has been compared Avith Ringer's solution and other 
media, and found to .yield consistent, reproducible and stable rates of oxygen 
uptake. The respiration of rat Iwer .slices in this medium often remains con- 
stant for as long as 4 hours. In the center cuj) of each flask AA-as placed 0.3 cc. of 
20 per cent KOH. The maTiometers AA-ere shaken at a rate of 100 to 120 os- 
cillations per minute at 38°, fluslicd Avith oxygen for 10 minutes, and readings 
AA'ere taken at inteiwals of 10 minutes for 2 hours. At the end of this period, 
the tissue .slices AA’^erc remoA’ed from the flasks, rinsed in distilled Avatei-, dried 
at 105° for 24 hours, and AA-eighed. 

The amount of thyroid ti.s.suc AA'hich could be obtained from one rat, especially 
AA’hen dealing Avith noimal animals, AA’as too small to permit accurate measure- 
ment of its oxygen uptake under the aboA^e conditions. To OA^ercome this 

TABLE 1 


Composition of phosphate medium used in the measurement of oxygen consumption of 

rat tissues 


SAr-T i 

] 

CO.VCK.VTRATION* OF j 
STOCK SOLUnOK 1 

AWOL’KT REQUIREO 
FOR 100 CC. 

FIKAL COKCEN'TRATION' 


in}/, per liter 

cc: 

mit. per liter 

NaCl 

154 

80.9 i 

124.6 

KCl 

154 

2.6 

4.0 

CaCh i 

104 

1.0 

1.0 

MgCh 

104 

0.5 

0.5 

Phosphate buffer, pH 7,4 

Glucose 

07 

15.0 

' 10.0 
(0.2%) 


difficulty, small A^e.ssc!s of approximately 5 cc. capacity*^ AA’ere used, Avith 1.0 cc. 
phosphate medium in the main flask and 0.1 cc. of 20 per cent KOH in the 
center cup. Since these A’^essels AA'ere not equipped AA’ith an outlet at the side- 
ann, air instead of oxygen AA’as used as the gas phase. l'\ 0 ien the oxygen uptake 
AA'as incieased (due to thiouracil or thyrotropic hormone), ordinary Warburg 
vessels and oxygen AA’ere used for the measurement of thjroid respiration in 
series A. The results obtained AA'ith one technique are comparable to those 
obtained AA’ith the other. The re.spiration of th3Toid tissue is the same in air 
as in oxygen under our conditions, and A'ariations in the rate of shaking from 
70 to 140 oscillations per minute have no effect on the rate of oxygen uptake 
of thyroid slices as measured by either procedure. 

All results are e.vpressed in the usual AA’ay as — QOa = emm, O2 consumed per 
hour per mgm. dry AA’eight of tissue. 

5 The composition of this medium was suggested to one of us (B. J. J.) by Dr. A. B, 
Hastings, Dept, of Biological Chemistry, Haiward Alcdical School. 

' We wish to thank Dr. B. S. Gould of the Mass. Institute of Technology for the loan of 
these A-essels. 
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Exi’eeimental. 1. Series A. a. Thyroid. The changes in QOo of the thy- 
roid glands of rats which were given thyrotropic hormone, thiouracil or both 
are shown in figure lA. Th 3 a’otropic hormone exerted a stimulating action 
upon tliju-oid respiration which became noticeable a few daj^s after beginning 
its use. The effect of thjTotropic hormone was not studied bej'ond the 20th 
da}^; it has been our experience that after about 3 weeks of hormonal treatment 
there is a reversion to normal, both in the basal metabolic rate of rats (S) and 
in the QO 2 of their tissues. This is pos.sibl}’' due to an antihormone effect. 



Fig. 1, A. Efifect of administration of thiouracil, thymtropic hormone or both on the 
oxygen consumption of rat thyroid glands. 

Fig. 1, B. Effect of administration of thiouracil, thyrotropic hormone or both on the 
oxygen consumption of rat adrenal glands. 

Fig. 1, C. Effect of administration of thiouracil, thyrotropic hormone or both on the 
oxygen consumption of rat livers. 

Fig. 1, D. Effect of administration of thiouracil, thyrotropic hormone or both on the 
oxygen consumption of rat diaphragm muscles. 

Thiouracil administration, during the fiist 10 to 12 da.ys, increased the QO: 
of rat thjToids to the same extent (about 50 per cent) as did thyrotropic hormone. 
After this time’, stimulation became much more marked and reached levels of 
more than 3 times the normal after about 3 weeks of continuous administration 
of the drug. 

When both thiouracil and thju’otropic hormone were given to rats, the QO 2 
of their thju’oid glands during the first 2 weeks of administration was higher 
than in those which received either drug alone. The stimulation made its ap- 
pearance as soon as treatment was instituted. This stands in contrast to the 
effects of cither thiouracil or tlnwotropic hormone, wliich caused an increase in 
thjToid respiration onte after an initial lag period of 2 to 4 da\''S. After about 
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12 days the stimulation became less marked, and during the third week the 
values obtained were approximately’- those found when the hormone alone was 
administered. 

A rather close parallelism was found to exist between the QO 2 and weight 
changes of the thyroids. The weight, as well as the respiration per unit of weight, 
was increased by either drug to about the same extent during the first U to 
2 weeks, more so when both drugs were administered. The rapid increase in 
weight of the thyu-oids of rats given thiouracil seemed to preecde that in QO 2 
by a few day^s. 

b. Adrenals. Figure IB .shows the effect of thiouracil and thyrotropic hor- 
mone, singly* or in combination, on the oxygen consumption of rat adrenal tissue. 
Thiouracil alone, during the whole period of observation, did not affect the 

TABLE 2 

Effect of oral administration of thiouracil, subcutaneous injection of thyrotropic hormone, 
or both on the oxygen uptake of rat organs (series B) 


Results are expressed in terms of — QOi (cmm. Oj consumed per hour per mgm, dry 
weight) and represent the averages of 4 determinations. Figures in parentheses indicate 
the per cent increase above normal. 


iiiiiiimQmiiiiii 

lEh’CTn OF 
TREATifEKT 

THYROID 

ADEEKAL 

UVER 

MUSCLE 

1 

Control 

days 

2.2 ±0.4 

2.4 ±0.1 

10.8 ±0.9 

7.0 ±0.8 

Thiouracil 

26-27 

7.9 ±0.5 
(259) 

2.5±0.3 

(4) 

9.4 ±0.2 
(-13) 

6.8 ±0.8 
(-3) 

Thyrotropic hormone 

Thyrotropic hormone 

22-24 

5.0 ±0.8 
(127) 

1 

2.9 ± 0.4 
(21) 

I 14.1 ± 1.2 

I (31) 

10.2 ± 1.3 
(46) 

and thiouracil 

24-25 

! 8.8 ± 1.4 

! (300) 

5.0 ± 1.5 
(117) 

9.8 ±0.6 
(-9) 

6.1 ± 1.1 
(-13) 


re.spiration of this organ to any'- extent outside the limits of experimental error. 
Thyrotropic hormone, with or -without .simultaneous administration of thiouracil, 
caused a small transient rise in the oxygen consumption during the second week 
of the experiment. 

c. Liver and diaphragm muscle. Figure IC and D indicate the effects of 
thyorotropic hormone and thiouracil on the QO 2 of liver and muscle, re.spectively^ 
The respii-ation of both organs Avas maikedly stimulated by^ thyrotropic hormone. 
The simultaneous administration of thiouracil reduced their respiration to nor- 
mal or slightly* subnormal levels. Thiouracil alone had little or no effect on 
the oxygen consumption of liver or muscle at any* time during the four weeks of 
the experiment. 

2. Series B. In table 2 are recorded the average QO 2 and its mean deviation 
of the thyvoid, adrenals, liver and diaphragm muscle of rats which had been 
treated for 22 to 27 days with thiouracil, thyrotropic hormone, or both, together 
Avith controls. Four rats Avere used from each group. The results of this series 
are in accord AA-ith those obtained in the preAUOus one. The respiration of the 
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tlm'oid was stimulated b}- either drug, and a comlnnation of botli had a more 
powerful action than either one alone. ?Ccitlier drug had much of an efTcct on 
the i-ospiration of the adrenal glands; administration of both caused a somewhat 
grcater increase than was found in series A. Finall)', liver and diaphragm res- 
piration was increased by thyrotroinc hormone, while thiouraeil, in the absence 
or presence of administered hoi-mone, did not influence their respiration to an 
extent lieyond the limit of accuracy of the measurements. 

Discussion*. The studies of Eichter and Clisby (1), Mackenzie and Mac- 
kenzie ( 2 ), and of Astwood cl ah ( 3 , -i) have demonstrated that th3Toid hyper- 
plasia can lie induced bj* thiourea and some of its derivat ives. This effect can 
be counteracted In* feeding tln*roxinc or th.vroid jiowder, or b.v In'popln’sectonn*, 
but not bv iodine, or bv diiodotyrosine except in \*er\' large doses. Compounds 
of the thiourea scries are also effective in lowering the basal metabolism in 
animals and in patients suffering fmm h\'perth3'roidism according to ilstwood 
ct ah ( 3 , 5 ) and Williams and Bissell (G-S). 

On the basis of these histological and metabolic findings, Astwood ci ah ( 3 ) 
have advanced the h3*pothcsis that the mechanism of action of thiourea deriv- 
atives is to inhibit the formation of th3Toid hormone. An c.\hau.stion of the 
stores of th3*roid hormone results in a fall in the basal metabolic rate. Pre- 
sumabh* an increased amount of th3*rotropic hormone is ])roduccd which leads 
to h3’pcr})la.«ia of the th3'roid gland. The increased production of th3'roid 
hormone in hyperthyroidism might bo inhibited in a similar wa3' b3' thiouraeil. 

The rc.'Bilts ])rcsontcd in this stud3’ .seem to support the nbo\’c lu'pothesis for 
the action of thiouraeil both in normal animals and in those in which h3'por- 
th3'roidism was induced b3' the administration of thyrotro])ic hormone. There 
is a marked contrast in the reaction to this drug of the th3’roid gland on one 
hand, and of liver and muscle on the othci-. The last, two tissues can be re- 
garded as “metabolic end-organs,” their rate of mctabolLsm being, in jiart at 
least, governed Im* the rate of iiroduction of th3’roid hormone. 

Tln'rotropic hormone alone caused an increase in the rate of ox3'gen con- 
sumption of all organs studied; this effect is well-known and requires no further 
comment. The In'perplasia of the th3*roid gland under the influence of thi- 
ouracil was reflected not onl3* b3' its increase in diy weight, but also b3’' its raised 
metabolism iier unit weight. For the first ] ^ to 2 weeks, the increase in both 
was about 50 to 100 per cent, and it ma3’ be assumed that small amounts of 
th3T6id hormone were either still being produced, or that remaining reserves 
were being mobilized. After this period h3q)crplasia became more marked and 
was followed within a few da3*s In* a sharp increase in the metabolism as re- 
flected b3" the consumption of ox3*gcn. 

A combination of both drugs might be expected to produce a potentiation of 
the effects of either drug alone, since the ])resuraabl3’' increased production of 
th3’’rotropic hormone, secondaiA* to the administration of thiouraeil, is here sup- 
plemented 1)3^ an injection of this hormone. This is confirmed b3’’ our experi- 
mental results. On the same basis, the ab.scnce of a lag period in the stimulation 
of thyroid respiration when both drugs were gi^^en is presumabb’- due to the 
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obviation of the slow “gearing up” of the rate of th.yj-otropic hormone produc- 
tion in the pituitaiy when thiouracil alone is administered. 

The respiration of liver and muscle, on the other hand, was little influenced 
by thiouracil administration. Moreover, their metabolism, when increased by 
injection of tlyrotropic hormone, was reduced to normal A'alues when thiouracil 
was given simultaneously. Since these tissues can be considered to be repre- 
sentative of those contributing to the bulk of oxygen uptake of an intact animal, 
the above results may be compared with similar ones on normal and hyper- 
thyroid animals (3, 8) and patients (5-7). 

The results obtained Avith the adrenal glands are more difficult to explain. 
The effects seemed to be intermediate between those on the thAToid, and on 
liA’^er and muscle. Tliiouracil or thyrotropic liormone alone had A'ery little effect 
on adrenal respiration, iDeyond a temporary rise AA’ith the latter drug, Avhile a 
combination of both produced a small increase in mature, and a more marked 
one in immature, animals. It ma}" be thought that thiouracil produces an in- 
creased production not onl.v of thjTotropic but also of other pituitary hormones, 
including the adrenotropic. HoAVCA-er, if this Avere so, thiouracil alone should 
be e.xpected to increase the respiration of adrenal glands too. 

SUAIAIARV 

Rats AA'ere given thiouracil in the drinldng Avater, thjTotropic hormone by 
subcutaneous injection, or both. At frequent intervals the QO; of thyroid, 
adrenals, liver and diaphragm muscle obtained from these groups was measured 
manometrically and compared AAith those of untreated animals. 

The respiration of the thjToid gland is increased by both drags; the effect of 
their combination is greater than that of either alone. This increase is much 
more than can be accounted for bA’ the concomitant hj^perplasia of the gland. 

The adrenal glands shoAv little or no change in their respiration under the 
influence of either thiouracil or thyrotropic hormone alone, Avhile their combina- 
tion produces an increase in 3mung'but not in mature animals. Liver and muscle 
shoAv an increased metabolism AAhen tlyrotropic hoimone is administered; this 
effect is aboli.shed bj” simultaneous treatment Avith thiouracil. Thiouracil alone 
does not influence the metabolism of these organs appreciablA% 

The results are discussed in the light of the hj’pothesis of a compensatory 
h 3 ’'pertroph 3 '^ of the tigroid gland due to the inhiljition b 3 ’' thiouracil of the 
formation of tlm-oid hormone. 

REFERENCES 

(1) Richter, C. P. axd K. H. Cwsby. Arch. Path. 33; 46, 1942. 

(2) Mackenzie, C. G. and J. B. Mackenzie. Endocrinologj' 32: 1S5, 1943. 

(3) Astwood, E. B., j. Sullia'an, A. Bissell and R. Ta'seowitz. Endocrinology 32: 

210, 1943. 

(4) Astaa'ood, E. B. j. Pharmacol, and Exper. Therap. 78 : 79, 1943. 

(5) Astwood, E. B. j. a. M. A. 122: 78, 1943. 

fC) Williams, R. H. and G. W. Bissell. New* England J. Med. 224: 97, 1943. 

'7) Williams, R. H. and G. W, Bissell. >Science 98; 156, 1943. 

(8) Bissell, G. W. and R. H. Williams. To be published. 



SUR^a^'AL OF REFLEX CONTRACTION AND INHIBITION DURING 

CORD ASPHYXIATION 

A. VAN HARREVELD 

Fro77i the Willia777 G. Kerckhoff Laboratories of the Biological Scic7iccs, California Instihiie of 

Tcchnolog7j, Pasadena 

Received for publication November 29, 1943 

In previous papers (10, 9) the course of recovery of reflex activity after asphyxi- 
ation of the spinal cord for periods ranging from 25 to 65 minutes has been 
studied. It vas found that ]3eriods of asplnoda -which prevent recoveiy of the 
flexion reflex maj’’ permit the return of tendon reflexes, and that the tendon 
reflexes can also return -when asphjodation has completelj'^ destroj^ed reflex in- 
Iribition. From these experiments the conclusion vas drawn that tendon reflexes 
are more resistant to asphj^xia than the flexion reflex and reflex inhibition. 

It seemed of interest to comjDare the above results, which Avere based on the 
'ability of reflexes to recoA'er from asph3^xiation, Avith the resistance of the same 
reflexes to a deA'eloping asph3^xia of the spinal cord. In the present inA’^estigation 
the survh’-al times of the kneejerk, the flexion reflex and of the inhibition of the 
kneejerk during asphj^iation of the cord Avere compared. 

Methods. The spinal cord in cats Avas asphjrxiated bj’- forcing Ringer solu- 
tion into the isolated caudal part of the dural cavitj’- under a pressure higher 
than the blood pressure (24-26 cm. of mercuiy)* On the day preceding the ex- 
periment the dura Avas ligated at Th 10-12, severing the spinal cord at that level. 
The experiment itself Avas performed in a room kept at 37-38° and the Ringer 
solution thus entered the dural caAuty at body temperature. Light nembutal 
narcosis Avas used. 

In one series of experiments the surviA'-al times of the kneejerk and of the 
flexion reflex Avere compared. The femur of one Irind leg Avas fixed on a board 
AA-ith screAvs. The Icneejerk Avas elicited bj-^ tapping the quadriceps tendon Avith 
an electromagnetic hammer resembling the apparatus described by Johnson (3). 
The moA^ements of the shank AA’ere recorded on a smoked drum. The shank of the 
other hind leg Avas fixed Avith screAvs and the tendon of the m. tibialis anterior 
Avas connected AAuth a lever, Avriting on the same drum. The flexion reflex Avas 
elicited b}’- short faradic stimulations of the homolateral n. peroneus superficialis. 
The stimuli for kneejerk and flexion reflex AA-ere gRen alternately bj^ means of a 
set of mechanically driven contacts at intei’A’^als of 2.5 to 3 seconds. 

In another series of experiments the surviA'-al times of the Imeejerk and of 
reflex inhibition AA^ere compared. In addition to the ligation of the dura on the 
day preceding the experiment, the peroneal and tibial nei’A'-es AA'ere severed in 
the popliteal cavity, the neiwe branches for the hamstring muscles Avere cut and 
the m. biceps femoris Avas transected. These operations AA^ere carried out AAuth 
aseptic precautions. The next day the animal Avas prepared for recording of 
the kneejerk as described aboA'-e. This reflex Avas elicited at inteivals of 2.5 to 
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3 seconds and alternate kneejerks were inhibited by short faradizations of the 
peroneal or of the tibial nerve which were timed to precede and accompanj^ the 
kneejerk stimuli. 

The effect of cord asphyxiation on kneejerk and flexion reflex. Figure lA is a 
typical curve showng the result of cord asph 3 ^'iation on kneejerk and flexion 
reflex. The application of pressure to the dural cavitj’' itself has no obvious 
effect, but after 10 to 15 seconds contractions of the quadriceps, as well as those 
of the m. tibialis, increase markedl 3 ^ After reaching a maximum the reflex 
contractions decline and soon cannot be elicited any more. The increase of the 
reflex response during the development of asphjcvia varies, usually it is marked 
as shovm in figure lA, but in some experiments it is hardlj'^ present. 



Fig. 1 A and B. Kneejerk (upper line) and flexion reflex (second line) during cord 
asphyxiation which was started at the white spot. The third line shows the short faradic 
stimulations causing the flexion reflex. The lowest line is a 1 sec. time signal. The figures 
A and B are of different animals. 

Fig. 1 C shows the influence of cord asphyxiation, beginning at the white spot, on the 
inhibition of the kneejerk (upper line). The second line shows the faradic stimuli which 
inhibit alternate kneejerks. The lowest line is a 1 sec. time signal. The coil distance of the 
inhibitory stimulus was 10 cm., whereas a stimulus at a coil distance of 14 cm. caused just 
complete inhibition. 

Fig. 1 D and E. The meaning of the lines is the same as in figure 1 C. The inhibitory 
stimulus in D caused just complete inhibition (coil distance 10.5 cm.). In E the inhibitory 
stimulus was increased considerably (coil distance 5 cm.). 

Not always, however, are the changes of the reflex activity so simple during 
the development of asphjocia. In a few experiments the ra. tibialis anterior 
contracted when pre.ssure was applied to the dural cavity and the next few 
kneejerks were greatly reduced (fig. IB). This probably results from the 
sudden extension of the dura and of the joints and ligaments of the lower part of 
the spinal column which, acting as a strong stimulus, causes reflexb’- a contraction 
of the anterior tibial muscle and an inhibition of the kneejerk. The inhibition 
of the kneejerk occurred often without an accompanjdng contraction of the 
tibialis muscle. 

Usually the lever returned to the base line after each contraction of quadriceps 
or tibialis muscle during the entire period of survival (fig. lA). Sometimes, 
with the increase of the refle.x response, a tonic contraction of the muscle developed 
upon which the reflex contractions were superimposed. This is shown for the 
m. tibialis anterior in figure IB, for the quadriceps in figure ID. 

In a few experiments a contraction of a tonic character developed in the m. 
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tibialis either during the final reflex contractions (fig. IB) or 5 to 10 seconds 
after the last reflex contraction was obseiwed. This contraction was of onty a 
few seconds’ duration. ’V^fiien immediate^ after it had disappeared the pressure 
in the dural cavit}’" was released, the renewed oxygenation of the cord some- 
times caused a similar contraction of the tibialis muscle. 

Finally, during the period of increased reflex response in the beginning of 
asphjodation, the kneejerk stimulus sometimes caused crossed flexion. This 
can be seen in figure IB as small tibialis anterior contractions between the larger 
tops caused by the faradization of the n. peroneus superficiahs. 

The above phenomena can occur alone or in combination. The}^ may be 
partly due to the experimental circumstances, but are probabl}’’ to a great extent 
individual reaction types of the animal. 

It was found that when a rest period of 10 to 15 minutes was allowed after 
each asph 3 wiation and if the pressure application was not prolonged bejmnd the 
abolition of reflex activit.y, asphj’-xiation could in general be repeated without 

TABLE 1 

Survival periods of kneejerk and flexion reflex (in sec.) during a series of cord 
asphyxiations with 15 minutes intervals 


NUilBEK OF asphyxiation 



I 

II 

HI 

IV 

n 

VI 

VII 

Survival period of kneejerk 

46 

34 

35 

41 

42 

36 

39 

Survival period of flexion reflex 

59 

1 

54 

i 

51 

66 

i 

54 

1 

59 

1 

57 


much change in the survival time of kneejerk and flexion reflex. This is 
demonstrated in table 1. In some experiments, howevei*, the suiadval time 
had a tendenej’^ to decrease in the course of such an experiment. The survival 
times of kneejerk and flexion reflex have been determined 48 times in 9 animals. 
With five exceptions, the survival time of the flexion reflex has been longer than 
that of the kneejerk. The survival time of the kneejerk varied between 15 and 
80 seconds, and that of the flexion reflex between 22 and 61 seconds. The average 
survival period of the kneejerk was 31 ± 0.9 seconds, and the average for the 
flexion reflex was 41 ± 0.8 seconds. The survival time of the flexion reflex 
thus seems to be significantly longer than that of the kneejerk. 

The effect of cord asphyxiation on reflex inhibition. Figure 1C shows the effect 
of cord asphjLxiation on reflex inhibition with a stimulus stronger than necessary 
for complete inhibition of the kneejerk. As can be seen, the inhibition of the 
alternate kneejerks continues undisturbed during asphyxiation as long as the 
kneejerk can be elicited, and the siu'vival time of reflex inhibition thus must be 
at least as long as that of the kneejerk. If the inhibitory stimulus is made only 
just strong enough to cause complete inlubition, there is often an escape of 
the inhibited kneejerk during the period of increased response in the beginning 
of cord asphyxiation; when the reflex response decreases, inhibition becomes 
again complete. 
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In one animal it has been possible to examine the effect of the inhibitory 
stimulus on the tonic contraction of the quadriceps vhich is sometimes obseived 
during the increased reflex response in the beginning of cord asphj^xiation. In 
the curve of figure ID the inhibiting stimulus was just sufficient to cause com- 
plete inhibition of the kneejerk. After the application of pressure to the cord 
the first uninhibited kneejerk is small and is thus probably inhibited by the 
stimulus of the pressure. Then the inhibitoiy stimulus becomes insufficient and 
each of the subsequent kneejerk stimuli causes a response. Soon the tonic 
contraction builds up and is hardly influenced b 3 ’- the inhibitoiy stimuli. When 
the inhibitoiy stimulus was increased in the same animal, quite a different cun^e 
was obtained. In the cur^^e of figure lE, the inhibiting stimulus was so strong 
that its effect was still sufficient, after 2.5 to 3 seconds, to prevent the reflex 
response of the “uninliibited” kneejerk. However, when the cord was put under 
pressure, the uninhibited loieejerks escaped and became quite large. The tonic 
rests of these reflex responses are inhibited b 3 " each of the following inhibitoiy 
stimuli. A tonic contraction also dcA’eloped in the quadriceps when the cord 
in this animal was asph 3 'xiated without an 3 " kneejerk stimulus being given. This 
tonic contraction could be inhibited b 3 ^ strong faradic stimulation of the n. 
tibialis. The fact that the tonic contraction during the period of increased re- 
flex I’esponse can be inhibited is indicative of its reflex nature. 

Later effects of cord asphyxiation. It has been found frequentl 3 '- that 5 to 10 
minutes after the onset of cord asph 3 Tdation a contraction of a tonic character 
develops in the quadriceps and gastrocnemius-soleus muscles. This contraction 
usualb’- reaches a maximum about 15 minutes after the beginning of asph 30 Liation, 
and disappears after 20 to 25 minutes. 

In 10 experiments the action potentials accompan 3 nng this contraction were 
recorded, using a iMatthews oscillograph and silver wires placed in the quadriceps 
and triceps muscles. Before asph 3 ociation, some electrical activit 3 * was usualb’- 
present which could be increased b 3 ' stretching the muscle. In the period be- 
tween 1 and 3-5 minutes after the beginning of asph 3 ".xiation, no potentials 
could be led off. After this period spikes appeared, in most cases first in the 
triceps group but later also in the quadriceps muscle. The 3 ’’ gi'ew in size and 
frequenc 3 '’, reaching a maximum 15 to 20 minutes after the beginning of as- 
ph 30 ua, and disappeared after 25 to 30 minutes. Attempts to influence these 
action potentials by stretching the muscle generally failed. 

Discussion. An increased reflex response of the Icneejerk as well as of the 
flexion reflex has been described b 3 ' several authors (6, 4, 2, 12, 1, 8) duiing the 
initial stages of asph 3 ’xia or anoxia of the spinal cord produced in various ways. 
Porter (7) found no decrease of the threshold of the fle.xion refle.x under these 
circumstances but in a later paper uith Blair and Bohmfalk (8) using the small 
tenuissimus muscle, he could show in the beginning of the cord a.sph 3 'xiation a 
spread of activity to motor units which previousl 3 ’' were not active. In most of 
the present experiments the increased reflex response has been ob.seived. Some- 
times, however, the inhibition of the kneejerk caused b 3 ' the application of 
pressure to the dural cavit 3 ’’ interferes with the increased reflex response to such 
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an extent that the resulting reflex contractions remain smaller during the develop- 
ment of asph3oda than before. 

T^Tien the survival period during the development of cord asphjx'iation is 
taken as the criterion, the kneejerk is less resistant than either the flexion reflex 
or reflex inhibition. However, when the recoveiy of these reflexes from relativelj'" 
long periods of asphjodation is considered, the kneejerk is the more resistant 
(10, 9). This ma}’- indicate that the mechanism involved in the suppression of 
reflex activity during the development of cord asphyxiation differs from that 
determining the destruction of reflex activity by long periods of asphyxiation. 
Evidence has been presented (11) that ‘the determining factor for the recovery 
from asphyxiation lies in the ability'’ of "the perikaiya not only to recover their 
function, but to remain alive. It is likely that the failure of kneejerk and 
flexion reflex during the development of cord asphyxiation is due to a less severe 
change, probably at the sy’napse. 

The nature of the sustained contraction observed between 5 and 25 to 30 

V 

minutes after the beginning of cord asphyxiation is not clear. Also, the place 
where the impulses causing this contraction originate is uncertain. They^ may'- 
not even- be of central origin, but may'- be generated in the ventral roots, since 
asphyxiation, has been shown to produce spontaneous discharges in mammalian 
nerve (5). 


SUMMARY 

The periods of survival of the flexion reflex, the kneejerk and the inliibition 
of that reflex, have been determined during asi^hyxiation of the spinal cord. 
The flexion reflex sundved cord asphyxiation for a longer period than the knee- 
jerk. Usually an increased reflex, response was observed in the beginning of 
asphyxiation. - Inliibition of the kneejerk has been demonstrated as long as that 
reflex could be elicited. 

In many experiments, three to five minutes after the start of cord asphy^xiation, 
a contraction of a tonic character developed in the quadriceps and gastrocnemius- 
soleus muscles. After reaching a maximum, this contraction disappeared 20 to 
25 minutes after the beginning of cord asphyxiation. 
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The effect of plasma on the venopressor mechanism was first brought to our 
attention bj’- the observation of an intramuscular pressure reading over 150 mm. 
water and a venous pressure of 31 cm. water, following the administration of 
3 units (750 cc.) of human plasma, in the treatment of se\'ere postoperative 
depression. 

Increments of pressure in the biceps brachii muscle, over 90 mm. water and 
up to 116 mm. water are uncommon (1). 

^Methods. Eight patients were studied for the effect of human plasma on 
the venopressor mechanism. Three were normal indi^'iduals to whom plasma 
was administered for reasons other than the treatment of shock. Two patients 
were in a semi-comatose condition following head injuries, who did not have 
exddence of peripheral circulatorj^ failure. Three patients had undergone the 
following surgical procedures respectiveh^• 1, thoracoplast}’-; 2, exploration of the 
bladder following traumatic impture of the prostatic urethra; 3, exploration of 
the abdomen for an abscess of the liver. 

In all instances but one, 3 units of plasma (750 cc.) were administered. In 
the one, only a single unit (250 cc.) was given. This patient seiwed as a control 
for two factors. These were a, the effect of the administration of a single unit 
of plasma over a period of 90 minutes, and h, the effect of rejieated injections of 
small amounts of saline on the readings of intramuscular pressure, with the needle 
in situ in the muscle for 90 minutes. We pre\'iousl 5 ' reported that the pro- 
cedure was accurate within 10 mm. water for long periods of time (1). The 
plasma was admim'stered b}^ gravity flow, without the use of pressure to speed 
the rate of infusion. The plasma bottle was approximately 4 feet above the 
vein. 

Intramuscular pressure and venous pressure were measured by the gravity 
floAv method (2). The venous pressure was measured in the antecubital vein 
and the intramuscular pressure in the homo-lateral biceps brachii muscle. The 
limitations of the method, and the errors in consecutive readings for intramus- 
cular pressure (10 mm. water) and for venous pressure (1 cm. water) have been 
discussed elsewhere (1, 2, 3, 4). 

Obseiwations of intramuscular pressure Avere made at 5 minute intervals. The 
instalment used in this study was constructed of materials at hand. Spinal 
manometers Avith a 1 mm. bore mounted on a A'ertical base-board were used as 

1 We are indebted to our former Commanding Officer, Captain (nov.- Rear Admiral) J. J. 
A. McMulIin (MC), USX, whose suggestions and co-operation made this study possible. 
Lt. M. T. Friedell (MC), USNR, gave valuable assistance in arranging and editing. 
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manometers. This instrument had certain characteristics different from our 
original instrument (2) wliich require further description. 

The manometer A^'as first filled to the 200 mm. level. A turn of the sto]Dcock 
permitted the saline to flow by gravity. The fall of the fluid was rapid during 
the first 2 minutes. Bj’’ the 4th minute the flow into the muscle slowed sufficient- 
ly so that readings could be made. HoAvever, the column of saline was not yet 
in equilibrium with the muscle, for within the next minute a sudden fall of 
0.5 to 2.5 mm. occurred, at which later level equilibrium was obtained, except 
in a few instances (table 1). In the few, a further drop of 2 to 3 mm. water 
occurred at the end of 10 minutes. The greatest magnitude of error on such 
occasion was plus 3 mm. water. Inasmuch as 10 mm. water is the allowable 
error for variations for consecutive readings, the 5 minute period was used which 
permits constant readings without undue loss of time. 

The venous pressure manometer equilibriated with the venous blood in 1 
minute. The usual procedure was to start the flow of saline in the intramuscular 
manometer, then the •\''enous manometer. The A^’enous manometer was read at 


TABLE 1 

Effect of time on readings of inlranmscular pressure 


MANOOTTER READINGS, tWCORRECTED TOR CAPII-EARITV OR TOR RELATION 
TO THE NEEDLE IN THE MUSCLE 


minutes 

■■■ 

1 




1 




■■■ 


2 


14.0 

14.0 


14.0 

3 

13.0 1 

12.0 




4 

12.0 




13.3 

5 

11.5 

11.5 



13.0 


11.5 

11.4 


13.2 

13.0 

i 







various intervals during the 5 minute period, and both at the end of 5 minutes. 
Respiratorj’- fluctuation in the quiet patient was less than 0.5 cm. water, and 
in a restless patient up to 1.0 cm. water. An a^'erage of 3 or more readings was 
made of the venous manometer, which included the highest and lowest points 
of the respiratoiy fluctuation. 

Results. During the administration of 1 unit of plasma (250 cc.), over a 
period of 90 minutes, intramuscular pressure varied between 70 and 80 mm. 
water and venous pressure between 6 and 7 cm. water. The widest fluctuations 
for intramuscular pressure was 10 mm. Avater' and for A’enous pressure 1 cm. 
water. All A'alues fell betAveen the limits of error of the method for consecutiA'e 
readings. Neither the presence of the needle in the muscle, nor the repeated 
injection of small amounts of saline eA'erA' 5 minutes for 90 minute.s, nor the ad- 
ministration of 1 unit of plasma (250 cc.) altered the initial reading beyond the 
variations of error of the method. 

In figure 1 is shoAAii the effect of the administration of 3 units of plasma on 2 
patients AA’ho AA'ere receiA'ing plasma for other reasons than for the treatment of 
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shock, A significant increase in intramuscular pressure occurred in the one 
patient at 45 minutes after the injection was started and 1-f units (375 cc.) of 
plasma had been administered. Twenty minutes later a significant rise was 
obtained for the venous pressure. Bj’' this time 2 units (500 cc.) of plasma had 
been given. Both intramuscular and venous pressure remained elevated during 
the remainder of the one and one-half hours of observation. 




Fig, 1, Heightening of the venopressor mechanism in the normal person. Plasma was 
administered for other reasons than for the treatment of shock. Significant increases in 
intramuscular and venous pressure followed the administration of and 2 units of plasma. 
The muscular phenomenon preceded the vascular; and venous pressure varied with the 
intramuscular pressure. 

Fig. 2. Showing the heightening effect of the administration of 3 units (750 cc.) of human 
plasma on the venopressor mechanism. The rise in intramuscular pressure occurred before 
the increase in venous pressure. Two units (500 cc.) of plasma were administered before 
the first significant change took place in intramuscular pressure. The remarkable height 
of 155 mm. water for intramuscular pressure, and 25 cm. water for venous pressure were 
obtained after the administration of the 3rd unit of plasma. • 

The second patient z-eceived the plasma more rapidty. He showed an increase 
in intramuscular pre.ssure 1 hour after the start of the infusion, and after 2 
units of plasma had been given. A significant rise in venous pi-essure occurred 
5 minutes after the increase in intramuscular pressure. Both intramuscular and 
A'cnous pressures remained elevated for the remainder of the 90 minute period 
of obseivations. The Izighest intramuscular pressure recorded (135 mm. water) 
was obsei-ved after 80 minutes when 2h units (025 cc.) of plasma had been ad- 
ministered. 
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Two patients suffering from head injuries, semicomatose and without evidence 
of peripheral circulatory disturbance at the time of admission, were observed 
during treatment vdth plasma (fig. 2). The averages of their readings are shown 
as a single smoothed curve. The first significant increase in intramuscular 
pressure was observed after 2 units of plasma had been administered, at 70 
minutes. The venous pressure was unaltered at 70 minutes. At 100 minutes 
intramuscular pressure reached the level of 155 mm. water and venous pressure 
25 cm. water. Both remained significantly elevated during the remainder of the 
180 minute period of observation, although the effect was diminishing. The 
liigh levels of intramuscular and venous pressure were similar to the increments 
observed in our first accidental observation after the administration of 3 units 
of plasma in the treatment of postoperative depression. This patient’s pre- 
operative values of intramuscular and venous pressure were normal. 

Figure 3 illustrates the effect of plasma on the failing venopressor mechanism 
of a patient who had undergone an extensive surgical procedure (thoracoplastj'')- 
By the time the operation was completed, a fall of 30 mm. had occurred in the 
intramuscular pressure. Venous pressure was elevated as a consequence of the 
inhalational anesthetic (cyclopropane). The administration of plasma was be- 
gun immediate!}'’ nfter the operation. Venous pressure began to fall during the 
flow of the first unit, and continued to drop significantly during the administra- 
tion of the second unit. Both intramuscular pressure and venous pressure rose 
after the 3rd unit was received. The increase in intramuscular pressure pre- 
ceded the venous one by 10 minutes. Venous pressure returned to the high 
level seen immediatel}'- after operation. Intramuscular pressure increased from 
the low postoperative level to above the preoperative one and then stabilized 
within the zone of the initial reading. 

Comments. We reported part of the series of 53 patients (3, 5, 6) studied 
during operation, in the period, in wliich the development of postoperative de- 
pression occurred and to the development of shock, or to recovery. Patients 
who have been subjected to major surgical procedures showed a decline in intra- 
muscular pressure, which began between 45 and 60 minutes after the procedure 
was initiated. Clinically they formed 4 groups. These were: 1, the mild post- 
operative depression with spontaneous recovery within 24 hours; 2, moderate 
postoperative depression with spontaneous recovery of altered intramuscular and 
venous pressm-e values bj'- the 4th day; 3, severe postoperative depression, 
clinically indistinguishable from shock within the 6th to 12th postoperative hour, 
and 4, rapidly developing shock, which occurred either dining, or immediately 
after the surgical procedure had been finished. In all but the first group, intra- 
muscular pressure continued to drop after operation to reach the low level of 
from 20 to 40 mm. water 6 to 12 hours postoperative!}'' (7). (The variations 
are shovTi in curves A, A', and B, B', fig. 4.) Venous pressure followed the 
intramuscular pressure dropping 50 minutes after the first decline in intra- 
muscular pressure, "^^enous pressure continued to fall and reached the low value 
of 1 cm. water between the 6th and 12th hour after operation. 

Wlien, between 6 and 12 hom-s after operation, intramuscular and venous 
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pressure have reached their lowest decline, the clinical condition of the patient 
in severe postoperative depression is indistinguishable from that of surgical shock 
which has developed rapidly. In the one, the process was slow and the clinical 




Fig. 3 Fig- 4 

Fig. 3. Illustrating the restoration of the venopressor mechanism by the use of plasma. 
Intramuscular pressure dropped 30 mm. water by the end of the operation (thoracoplasty). 
The increased venous pressure is a consequence of the inhalation anesthesia (cyclopropane), 
similar to the changes shown in figure 5. During the administration of 2 units of plasma, 
the trend in venous pressure was significantly downward; intramuscular pressure was un- 
changed. After the 3rd unit of plasma had been given, the first significant increase occurred 
in intramuscular pressure. The change in venous pressure followed. 

The thin sloping lines (marked 1 cm. at 6 hrs. and 20 mm. at 6 hrs.) represents the usual 
decline in venous pressure and intramuscular pressure observed in 53 other patients, be- 
tween the 6th and 12th hour after operation, who were not treated with plasma. (Repre- 
sented diagramatically in fig. 5.) 

In this patient, following the administration of the 3rd unit of plasma, intramuscular 
pressure returned to its preoperative level . The clinical change for the better was obvious. 

Fig. 4. Showing the sequences in the failure of the venopressor mechanism, during and 
after major surgical procedures. 

The points represent averages of data on 8 patients (4 in group A and 4 in group B), who 
were observed continuously and uninterruptedly, from the time of administration of the 
anesthetic, to throughout the operation and during the postoperative period. 

After inhalation anesthetic, an immediate marked increase occurred in venous pres- 
sure. It remained elevated for 50 minutes after intramuscular pressure showed its first 
significant decline. The drop in intramuscular pressure preceded the one of venous pres- 
sure. Both continued to fall , venous pressure to reach 1 cm. water between the 6th to 12th 
hour and intramuscular pressure 20 mm. water in group A, and less than 3S mm. water in 
group B. The clinical picture of failure of the peripheral circulation, which subtly ap- 
peared between the 6th and 12th postoperative hour, was indistinguishable from that seen 
in rapidly developing surgical shock. These patients were not treated with plasma. 

picture developed subtly; the vitality of the individual actually disappeared 
under the eye. In the other, the sequences occurred rapidly. In both instances 
the clinical evidences of peripheral circulatory failure were present and intra- 
muscular and venous pressures reached their lowest levels. The lowest value 
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observed in both rapidly developing surgical shock, and in severe postoperative 
depression was 20 mm. water for intramuscular pressure and 1 cm. water for 
venous pressure. The only difference in the curve shown in figure 4 in rapidly 
deA^eloping surgical .shock is a compression of the time factor. Venous pressure 
fell within 20 minutes after the initial decline in intramuscular pressure instead 
of at 50 minutes. The level of 20 mm. water for intramuscular prcssin-e and 
1 cm. water for venous pressure was reached in 80 to 120 minutes from the be- 
ginning of the operation, rather than in 6 to 12 hours. 

We ha^'e sho^\Ti that levels of 20 mm. water for intramuscular pressure during 
life probably represent an absence of muscle tonus. Intramuscular pre.ssure 
does not drop an}’- lower immediate!}’’ after clinical death with the cessation of 
the heart beat in either the human or in the frog (Rana pipiens) (4). 

Figure 4 is an illustration of the failure of the venopressor mechanism as seen 
in patients who developed se^"ere postoperative depression between the 6th and 
12th hours. It is a smoothed curve of continuous, uninterrupted observations 
on 8 patients. The main points of change only, were marked. Thirty-eight 
others were also obseiwed, on whom we had continuous, rminterrupted data of one 
or more of the periods mentioned, but not continuous for the complete sequence 
from operation to recovery, or death. The data of this group verified the trend 
shown in figure 4. In 3 patients who developed surgical shock rapidly, the time 
factor was compressed. The sequences were the same, i.e., intramuscular 
pressure failed first, and venous pressure 20 minutes later, rather than in the 
average obseiA’ed time of 50 minutes. In 4 patients with mild postoperative 
depression, on whom we had continuous and uninterrupted data from operation 
to recovery, the opposite holds. The curve flattened, i.e., the average fall 
for intramuscular pi-essure was only 20 mm. v-ater as against 40 to 60 mm. 
water in the severe ]30stoperative group, and for rapidly de\"eloping .shock. The 
maximum fall in venous pressure was only 2 cm. water below the preoper- 
ative level, as against 6 to 7 cm. water in the severe postoperative depression 
group, and in rapidly developing .shock. In the mild postoperative depression 
group, recovery of intramuscular and venous pressure occurred within 24 
hours, and paralleled the clinical course. The sequences in all gi-oups remained 
unaltered. Intramuscular pressure dropped during operation, and preceded 
the fall in venous pressure. 

In half of the patients, those receiving inhalational anesthesia, cndence of 
venoconstricti \'0 compensatory mechanism was observed. There was an im- 
mediate elevation of venous pressure which persisted until intramuscular pressure 
declined. Thereafter, in the u.sual 50 minute period, venous pre.s.sure began to 
fall, just as it did in those patients who did not show an increased ^•enous pre.ssure 
after the anesthetic (fig. 4). Thus in the patients who showed an elevation of 
venous pressure during the operation, the fall in venous pressure from the high 
compensated level was much greater than the actual 6 to 7 cm. drop from the 
preoperative value. As much as 10 to 13.5 cm. decline in venous pressure 
(to a final reading of 1 cm. Avater) Avas seen in patients Avho deA'cloped 
surgiCvil shock inunediately after the operation. We belicA-e that the rclafiA-e 
increments of loss of intramuscular and A'enous pressure is a significant feature 
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in the dynamics of failure of the peripheral circulation. An intramuscular 
pressure of 20 mm, water indicates a complete absence of muscle tonus and loss 
of the kinetic energy that tonus could contribute to the venous circulation. 

It is conceivable, and likely, in the patient shown in figure 3, that, had the 
administration of plasma been discontinued before the second unit had been 
given, both intramuscular and venous pressure would have continued to decline, 
to reach low levels at the 6th postoperative hour, just as we obsen’ed in 53 
other patients after operation who had not been treated with plasma. 

The marked increase in intramuscular pressure and venous pressure after the 
administration of 3 units of plasma was observed in 7 patients. No alterations 
occurred in 1 patient receiving only 1 unit of plasma. 

The effect of large quantities of blood plasma on the venopressor mechanism 
is too startling to be denied. The effect is a slow one, and enabled us to deter- 
mine the sequences that occurred in the heightening and restoration of the veno- 
pressor mechanism. The action of plasma demonstrated that venous pressure 
fluctuates according to intramuscular pressure. Changes in intramuscular 
pressure were soon reflected and followed by corresponding alterations in venous 
pressure. 

We consider it especially significant that large quantities (750 cc.) of plasma 
must be administered to produce this action. Such amounts of plasma vith 
their enonnous osmotic effect produced no appreciable rise in venous pressure, 
until after intramuscular pressure had been significantly increased. 

CONCLUSIOKS 

1. Human plasma in doses of 2 units (500 cc.) significantly increased intra- 
muscular pressure. The administration of 3 units (750 cc.) increased intra- 
muscular pressure to a marked degree. 

2. Changes in intramuscular pressure are reflected in corresponding alterations 
in venous pressure. The failing ^'enopressor mechanism after surgical pro- 
cedures is marked by an initial decline in intramuscular pressure, to be followed 
later by a fall in venous pressure. In rcstoj’ation of the venopressor mechanism 
through the use of plasma, a rising intramuscular pressure was followed by an 
increase in venous pressure. 

3. The loss or recoveiy of intramuscular pressure (muscle tonus) appears to be 
a primary factor that precedes changes in the venopre.ssor mechanism. It pre- 
cedes either the failure of the venopressor mechanism by its decline during sur- 
gical operations, or the recovery of the venopressor mechanism bj’- its increased 
levels after the administration of plasma. 
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During a stud}'' of pituitar}’’ influence on the responses to acet 3 dclioline (ACh) 
of the heart and rectus abdominis muscle of the winter frog (Welsh, unpublished) 
it appeared possible that the changes produced by hypophysectomy and pi- 
tuitary gland injection were due to disturbances in carbohydrate metabohsm. 
This belief was strengthened when, in a few preliminary experhnents, it was 
found that the injection of insulin had marked effects on the response of the 
rectus abdominis muscle, and less marked, but obvious, effects on the heart. 
The responses were found to be ver}'- different dependiug on the length of time 
the insulin Avas allowed to act before the frog was sacrificed. If the insulin was 
allowed to act for onl}'- a few hours at room temperature the subsequent response 
of the rectus abdominis to a gNen concentration of ACh was greater than 
normal, while 24 hours after the injection of insulin the response Avas subnormal. 

During the course of this AAnrk Feldberg and Solandt (1942) reported that 
the excitabilit}'' to ACh of the longitudinal muscles of the rabbit’s intestine is 
dependent on a supply of glucose. That an adequate source of energy is neces- 
sary for a normal re.sponse to ACh is not unexpected but it AA'ill be indicated 
later that it is perhaps the rate of utilization of carboh 3 ’'drate rather than the 
actual level of gl 3 ’'cogen in frog’s muscle that determines the degree of 
response to ACh. 

Since the S 3 Tithesis of ACh, both in vitro (Quastel et al., 1936; Mann et al., 
1938) and in vivo (Kahlson and Macintosh, 1939; Welsh, 1943), is also normally 
dependent on the oxidation of glucose it AA-as of interest to learn more of the 
relation of carbohydrate metabolism to the response of tissues to ACh. To 
this end a more detailed study AAns made of the modification of the concentration- 
response cuiwes for the isolated frog’s heart and rectus abdominis folloAving 
insulin injection in the intact frog. Since determinations of blood sugar and 
muscle glycogen were also made, knoAvledge concerning the action of insulin 
on the frog Avas extended and results of others were confirmed. 

Methods, The species of frog used AA'as Rana pipiens. These were ob- 
tained from a dealer in northern Vermont and fz’eshly collected frogs were re- 
ceived every two AA'eeks. The stock was maintained, unfed, at 15°C. One 
, series of experiments AA’-as run at t his temperature and a second series at 25°C. 
The work AA^as done in June and July. 

The levels of blood sugar and muscle glycogen were modified by insulin in- 
jected in one unit doses into the dorsal l 3 Tnph sac. At 25°C. only one tmit of 

1 Aided by a grant from the Milton Fund of Harvard University. 

^ With the technical assistance of Blanche Jackson and E. E. Boysen. 
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insulin was administered and frogs were sacrificed 6^ 12 or 24 hours afterward. 
At 15°C,, in order to approximate the comuilsive stage, a second unit of insulin 
was injected at the end of 24 hours and allowed to act for 17 to 24 hours'longer. 
The frogs were killed by pithing. Immediately after cannulation of the heart 
for the Straub preparation, blood samples for sugar determinations were taken 
directly from the cannula. One gastrocnemius muscle was then quicld}-- isolated 
for estimating its gtycogen content and, in some eases, half of the median rectus 
abdominis likewise prepared. The other half of the median rectus abdominis 
and the heart were isolated and set up for determining their responses to ACh. 

Blood sugar determinations were made after the method of IMiller and Van 
Slyke (1936). Glycogen was estimated b 3 ’- the method of Good, Kramer and 
Somogju (1933) with small modifications as given b\' Barger and Jolmson® 
(1941). The glucose was estimated bj’- the method of Miller and Van Slj-ke. 
With each run of gl 3 >-cogen estimations, reagent blanks and a standard solution 
of pure gl 3 'cogen were run and the recoveiy estimated. The average recover 3 ' 
was 99 per cent of the amount added. 

The isolated heart was set up in a constant temperature room at 20°C., eser- 
inized, and kymograph records of the inhibition produced b 3 " a series of concen- 
trations of ACh were obtained. Each test was exacts one minute in length 
with a sufficient period of washing between tests for the heart to recover its 
original amplitude. From the amplitude of beat before the test and that at 
the end of a one minute application of ACh the per cent inhibition was calculated 
and used as a measure of effect. 

The isolated rectus abdominis muscle, cut to a length of 2 cm. when relaxed, 
was also eserinized and its contracture in several concentrations of ACh re- 
corded at 20°C. An isotonic lever, with a magnification of 5X and counter- 
weighted with 3 grams, was used to record the contracture. Test periods were 
3 minutes in length and a 7 minute period of washing and re-eserinization was 
allowed between tests. The distance from the base line to the contracture 
curve at the end of 3 minutes was taken as a measure of effect. 

Stock acet 3 dcholine chloride was made up in o per cent KaHiPO^, sealed in 
ampoules, heated in a water bath at 100°C for 5 minutes and then stored at a 
low temperature until used. The stock solution contained one part b 3 ’’ weight 
of the base in 1000 parts of water, and the concentrations as given are b 3 ' weight 
of the base. 

Besults. a. Fifteen degrees C. series. The first series of experiments was 
carried out on animals maintained at lo°C. In this series, gb’cogen estimations 
were made onl 3 ^ on gastrocnemii. The “noimal” responses for rectus abdominis 
and heart, shown in figure 1 and table 1 are based on averages of eight animals. 
The mean blood sugar and gh’-cogen values are given in figure 3. Blood sugar 
values of normal frogs ranged from 49 to 132 mgm./lOO cc., vith a mean of 
80 mgm., and gh'cogen values from 420 to 1120 mgm./lOO grams., with a mean 
of 784 mgm. The mean blood sugar value is higher than we have smee obtained 
on 18 winter frogs (range, 32-69 mgm./lOO cc.; mean, 51 mgm.). The mean 

s 3Ye are indebted to Dr. R. E. Johnson of the Harvard Fatigue Laboratory for guidance 
in the use of this method. 
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glj^cogen value corresponds closely vdth estimations of Olmsted and Harvey 
(1927) on gastrocnemii of 3 spring frogs (790, 800, 680 mgm./lOO grams). Barger 
and Johnson (1941) give a long series of values of glycogen content of gastroc- 
nemii of R. pipiens caught in the spring and maintained vdthout food at 4°C for 
7 to 10 weeks before use. In one series a mean value of 417 mgm./lOO grams 
was obtained; in another series a mean value of 540 mgm./lOO gram. It is 
to be expected that these values would be lower than those which we obtained 
for summer frogs Avliich had probablj^ fed vdthin two Aveeks of the time of use. 

Only two frogs were sacrificed 6 hours after one unit of insulin and four 
frogs after 12 hours; hence the results on these are combined. It maj’’ be seen 
in figure 1 that the aA’erage response of the rectus abdominis of these frogs was 
gi-eater than normal OA'er the entire range of ACh concentrations emplo 3 ’’ed. 
The maximum contracture occurred at ACh 10~^ rather than at ACh 10~'‘ as in 
the case of the normals. The isolated hearts of these animals were inhibited 
less than normals at concentrations of ACh of 10"® and higher (table 1). The 


TABLE 1 

The effect of insulin on responses to ACh (decrease in amplitude) of the frog’s heart. 

1B°C. series 



1 

PER CENT DECREASE IN AMPLITUDE 

1 

ACh 10-s 

ACh 10-’ 

ACh 10-« 

Control (S)* 

per cent 

37 

32 

24 

42 

per cent 

61 i 

55 

42 

i 

per cent 

91 

81 

76 

96 

6-12 hrs. after insulin (6) 

24 hrs. after insulin (5) 

41-48 hrs. after insulin (9) 

! 


Number of frog.s used. 


blood sugar of these frogs dropped to less than one half the normal A'^alue, Avhile 
the muscle gtycogen increased shghtljL 

Twenty-four hours after one unit of insulin the recti abdominis of five frogs 
lilcewise gave contractures greater than normal Avhile the average inhibition of 
hearts b3’' ACh 10~® and higher was even less than that at 6 to 12 hours. The 
marked decline in muscle gb'-cogen at this time, while responses of the recti 
abdominis were still above normal, is to be noted. In an effort to produce a 
still further decrease in the levels of blood sugar and muscle gtycogen six frogs 
which had alread3^ received one unit of insulin 24 hours earlier Avere given a 
second injection of one unit and held for a total of 41 to 48 hours after the first 
injection. These probabh' closely approached the convulsive stage Avhich Hux- 
le3^ and Fulton (1924) found to occur 60-70 hours after a single injection of 0.45 
to 3 units of insulin Avhen frogs AA'ere maintained at 15°C. In contrast to the 
other insulin-iiijected frogs the responses of the recti abdominis AA’ere beloAA’ normal 
AA’hile the isolated hearts showed greater than normal inhibition b3’' ACh. 

B. Twenhj-five degrees C. series. Since the action of insulin in producing con- 
Auilsions in the frog is greatb’ accelerated AAuth an increase of temperature (Hu.x- 
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163'- and Fulton, 1924; Olmsted, 1924; Barlow, Vigor and Peck, 1931) a second 
series of experiments was performed on frogs at 25°C. In addition to the esti- 
mations of the glycogen content of gastrocnemii, estimations were made of 
glycogen in one half of the median rectus abdominis of some frogs. The relative 
change of g^mogen level produced b}'- insulin was essential!}' the same in both 
muscles. 

Ten control frogs were placed at 25°C and allowed to remain for at least 24 
hours. The average concentration-response curve for their isolated rectus 
abdominis muscles was almost identical with that of the 15° series (cf. figs. 1 



Fig. 1 . Concentration-response curves for isolated recti abdominis of normal frogs and 
of frogs previously injected with insulin. Frogs maintained at lo'C. Tests made at 20'’C. 
Fig. 2. As in figure 1, but frogs maintained at 25‘’C 


and 2). The response at ACh 10“^, as measured b}' the lever rise after 3 minutes, 
was the same (29 mm.) in both series. Mean blood sugar and muscle glj’-cogen 
(gastrocnemius) values are shovm in figure 4, 
iS'ine frogs, adapted to 25° for at least 24 hours, received one unit of insulin 
in the dorsal bunph sac and were sacrificed at the end of six hours. Blood sugar 
values had alread}^ dropped remarkabl}' while the average gl 3 ’’cogen content 
of the gastrocnemii had increased to 680 mgm./lOO grams (fig. 4). In spite of 
the increase in muscle gtycogen the re.sponses of the subsequent!}’- isolated muscles 
were below normal over the entire range of ACh concentrations employed (fig. 2). 
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Eight frogs were adapted to 25°C. for 24 hours or longer, injected with one 
unit of insulin and sacrificed after 12 hours. Blood sugars of this group were 
also low and gl3'^cogen values of gastrocnemius and rectus abdominis muscles 
now showed'' a decline. The averaged concentration-response curve for the 
recti abdominis of this group, however, was nearer that of the controls than in 
the case of the 6-hour group. This is vdthout satisfactoiy explanation but there 
is one suggestion which maj’’ be offered. As a matter of convenience all frogs 
in the 6-hour group were injected with insulin in the morning (8 : 15 to 9 : 30 a.m.) 
and killed in the afternoon, wliile frogs in the 12-hour group were injected vdth 
insulin in the evening (7:30 to 11:00 p.m.) and Idlled the following morning. 
It is possible that a 24-hour cycle in the metabohsm of the frog results in the 
response to insulin differing vdth the time of injection. Agren, Wilander and 




Fig. 3. Average blood sugar and muscle (gastrocnemius) glycogen levels of a group of 
normal frogs and of groups of frogs at intervals after injection with insulin. Frogs main- 
tained at 15°C. 

Fig. 4. As in figure 3, but frogs maintained at 25°0. 

Jorpes (1931) found that it took tvdce as much insulin to produce convulsions 
at night in mice as was required during the dajL 

Nine frogs adapted to 25°C were each administered one unit of insuhn and 
tests were made 24 hours later. The average blood sugar level had increased 
markedly over the two earlier insuhn groups. Glycogen levels of gastrocnemii 
had returned to Awthin the range of the untreated controls. In spite of the 
return toward normal levels of blood sugar and muscle glycogen, the response 
to ACh Avas far beloAA^ normal (fig. 2). This was the most striking demonstra- 
tion that the response of the isolated rectus abdominis to ACh is not directly 
related to the level of muscle gh’^cogen. 

It was not possible to test all of the hearts of the insulin treated frogs at 25°C., 
but at concentrations of ACh (10-«, 10“^ and IQ-®) Avhere the amount of inhibi- 
tion was betAveen 29 and 79 per cent the responses bore a consistent relation 
to the time of action of the insulin. This maA^ be seen in table 2. With one 
exception — ^the aAmage response at ACh 10~^, 6 hours after insulin — the hearts 
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of insulin treated frogs were progressively “less resistant” to ACli (i.e., showed 
greater decrease in amplitude of beat) with the lapse of time after the injection 
of insulin. Thus, in this series, while the ACh contractures of rectus abdominis 
muscles of insulin treated frogs were all less than normal, the per cent decrease 
in amplitude of beat of isolated hearts was greater than normal. 

Discussion. It is clear from these studies that there is a marked modification 
in the response to ACh of the frog’s heart and rectus abdominis produced by 
the administration of insulin. Depending on the time after injection and on 
the temperature at which the frogs are maintained, the contracture of the rectus 
abdominis produced by ACh maj’ be greater than normal, or less than normal; 
while the per cent decrease in amplitude of heart beat produced by ACh bears 
an inverse relation to the response of the rectus abdominis. This difference 
in response is as one might ejqiect since skeletal muscle of the frog responds to 
ACh by contracting, while the heart shows a negative inotropic response to ACh. 


T.4BLE 2 

The effect of insulin on responses to ACh (decrease in amplitude) of the frog's heart. 

25^C. series 



PER CENT DECREASE IX AMPLITUDE 

.\Ch 10-* 

ACh 10-' 

ACh lO-* 

Controls (6)* 

per cent 

29 

33 

35 

38 

per cent 

46 

53 

55 

60 

t 

per cent 

68 

65 

78 

79 

6 hrs. after insulin (5) 

12 hrs. after insulin (4) 

24 hrs. after insulin (5) 


* iSumber of frogs used. 


That insulin produces its effects by a modification in carbohr-drate metabolism 
seems most probable, but the exact nature of the changes responsible for the 
varied responses to ACh is not clear. The blood sugar level of the frog would 
appear to be of little direct importance because the testing of hearts and muscles 
was done after isolation, and over a period of 2 to 5 hours after removal from any 
possible influence of changing levels of available glucose. Since it was thought 
that the response to ACh might show a direct relation to the level of muscle 
gh'cogen the estimations of glycogen Avere made. Measurements of cardiac 
muscle glycogen could not haA^e been made until after testing the hearts, hence 
none were done. ]More estimations of glycogen would haA*e been made on rectus 
abdominis muscles if the amounts of tissue had been sufficient for accurate 
measurements. Since one half of the muscle AA'as needed for the ACh tests this 
left usually less than 150 mgm. for the glycogen determination. If the changes 
in the level of glycogen of the gastrocnemius muscles may be relied upon to 
give an indication of the changes in the rectus abdominis muscles there appears 
to be no constant relation between glycogen leA’el and response to ACh. In 
the 15=C. series there AA'as a small aA'erage increase in glycogen of the gastroc- 
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nemii, 6 to 12 hours after insulin, and a large increase in the response to ACh 
of the rectus abdominis muscles. In the 25°C. series a marked increase m gl^’^co- 
gen of the gastrocnemii was found 6 hours after insulin but the response of the 
rectus abdominis muscles to ACh was below normal. Twenty-four hours after 
insulin (at 25°C.) the glycogen level of gastrocnemii was only slightly below 
normal and that of recti abdominis showed an increase over the level at 12 hours, 
3 ^et the contractures produced by ACh were greatly subnormal. It seems doubt- 
ful, therefore, that the glycogen level, per se, determines the degree of response 
of the rectus abdominis to ACh. Earlier investigations of the ability of frog’s 
muscle to respond to electrical stimulation under both aerobic and anaerobic 
conditions have shown little or no relation between gtycogen levels and the 
ability to do work (see Barger and Johnson,. 1941, for references). 

If one assumes (from evidence of Krebs and Eggleston, 1938) that extra in- 
sulin produces an increased oxidation of carbohydrate bj’’ the skeletal and cardiac 
muscle of the frog one then has a possible explanation for the observed phenom- 
ena. In the series at 15°C., the increased responses of the muscle and the de- 
creased inhibition of the heart at intervals up to 24 hours after insulin might 
then be explained as the result of a greater than normal rate of utilization of 
carboh 3 ’’drate. Failure to find a supernormal phase in the 25°C. series could 
be explained by the much greater rate at which insulin acts in the frog at 25°C. 
as compared vdth 15°C. (Olmsted, 1924). The subnormal responses of the rectus 
abdominis muscles lyid the greater than normal inhibition of hearts would result 
from a lower than normal rate of utilization of carbohydrate. A more detailed 
anatysis of the effect of insulin on the response of muscle to the neurohunior, 
acetylcholine, must await further studies of the precise mechanism of insulin 
action such as those of Krebs and Eggleston (1938), Rice and Evans (1943) 
and Sacks (1943). However, the results from this studj'- provide evidence for 
a relationship between carbohj’-drate metabolism and the response to ACh of 
frog’s skeletal and cardiac muscle and this, coupled with the demonstrated im- 
portance of glucose oxidation in ACh synthesis, makes it apparent that endo- 
ciine, or other, disturbances in sugar metabolism might have far reaching effects 
on cholinergic systems. 


' ■ SUMMARY 

The responses of the isolated frog’s heart and rectus abdominis muscle to 
acetylcholine (ACh) maj’' be modified bj'’ previous admmistration of insulin to 
the intact frog. At a temperature (15°C.) at which the action of insulin on the 
frog is relatively slow, its effect, during the first 24 hours, is to increase the re- 
sponsiveness of the rectus abdominis to ACh and to decrease the per cent in- 
hibition of the heart at concentrations of 10~® and higher. At 25°C. the responses 
of the rectus abdominis to ACh, at intervals of 6 to 24 hours after insulin, are 
subnormal, and the per cent inhibition of the heart greater than normal. 

These modifications in response are shown not to be directty related to blood 
sugar levels nor to levels of muscle gtycogen but it is suggested that they maj’’ 
be due to changes in the rate of utilization of carboh 3 ''drate. 
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Denny-Bro^^^^ and Russell (1941) have considered in some detail the functional 
alterations produced by experimental concussion. They struck the movable 
head of the cat vdth a blunt metal knob attached to the end of a rigid pendulum. 
Then- observations on respiration, blood pressure and certain somatic reflex 
actmties led them to conclude that moderate concussion is a paral 3 ’’sis of reflex 
activation of motor centers in the brain while the centers themselves may even 
be stimulated. Thej’’ also concluded that severe concussion produces complete 
paralysis from which recoveiy is gradual. Sometimes, despite artificial respha- 
tion, death occurred and was thought to be due to rapid cueulatoiy collapse 
similar to that of primary shock. 

In the work of Denny-Broum and Russell (1941) a certain velocitj’’ of the 
strikmg mass was thought to be required to produce the concussion which thej’' 
designated ‘'acceleration concussion.” They stressed the importance of allowing 
the head to move when struck. On the other hand Duret (1920), Scott (1940) 
and Gurdjian and Webster (1943) produced concussion bj’- striking the fixed head. 

Denny-BroAvn and Russell (1941) recognized a second tjTpe of experimental 
concussion which thej’" named “compression concussion.” Injury was produced 
bj'’ rapid and momentary introduction of air into the cranium in order to cause 
a sharp rise of intracranial pressure. Slow and prolonged increases in pressure 
caused other damage but not concussion. “Compression concussion” differed 
from “acceleration concussion.” In the former the initial blood pressure rise 
was not so great and was less steep, and the respiratoiy center was more easily 
and severe^ affected; the pinna I'eflex returned in the former before the corneal 
reflex. 

In order to relate the immediate effects of experimental concussion upon brain- 
stem reflex functions to the effects upon the electrical activity of the cerebral 
hemispheres, Williams and Denn 3 ''-Bro\\m (1941) obtained continuous electro- 
encephalographic records from cats concussed by a hammer blow on the movable 
skull. A diminution in electrical activity of both hemispheres occurred imme- 
diately upon production of concussion. Local contusion caused changes in 
electrical activity of the contused areas only, unless concussion resulted from the 
blow. In stud 3 ang the electroencephalogram in acute head injuries of humans, 

^ The work described in this paper was done under a contract, recommended bj’’ the 
Committee on Medical Research, between the Office of Scientific Research and Development 
and Northwestern University. 

- The authors wish to thank Mr. W. A. McKinley, Dr. Abraham Wikler, Miss Elizabeth 
Cowgill and Mr. W. A. Rambach for assistance during various phases of the study. 
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Williams (1941) found that the characteristic slow waves of the acute stages were 
invariably generalized. He pointed out that this supports the view that cerebral 
concussion is the result of a widespread disorganization of cerebral function. 

It is evident that concussion is characterized by profound phj'siologic dis- 
turbances which set in immediate^. It is also clear that the parts of the neuron 
disabled, the ultimate nature of the disabilitj*, its distribution and the types of 
gi’oss insult which will mediate tliis disability of concussion are open questions. 

Our work was undertaken primarily to determine the functional state of motor 
parts of the brain in experimental concussion. In addition it has afforded an 
opportunity to relate external manifestations of concussion to internal functional 
changes and to compare concussion produced by different methods. 

Methods. Cats weighing 2| to 3 kgm. were used. Their regular diet, which 
included yeast and cod liver oil, was supplemented with calcium phosphate to 
insure maximum bone strength. All experiments were acute. The animals were 
lighth” anesthetized with chloralosane in all experiments, an area of the .skuU w'as 
exposed and through a drill hole or a trephine opening fine bipolar electrodes were 
oriented in the brain with the Horsley-Clarke instrument. Electrodes were 
cemented in place in a metal collar attached to the skull by screws. Often two 
regions were prepared for stimulation in one animal. I\ffien the cement solidified 
the Horsley-Clarke instiaiment was removed and leads from a 60 cycle A.C. 
stimulator, having an output of 0 to 50 volts,® were secureh' attached to the 
electrodes. Preceding concussion three or more control values for the thresholds 
of the responses under test were recorded at about 5-minute inteivals. At each 
period of recording, the corneal reflex and often the pupillary-light, startle and 
pinna reflexes were tested. The animal was concussed as quickly as possible 
after the last control test period. Reflexes were tested immediately and effect 
on respiration was obseived, as were other alterations. Threshold values for 
the responses to stimulation were obtained 1 to 30 seconds after the onset of 
concussion. Thresholds and reflexes Avere followed until the termination of the 
experiment. Often an animal Avas concussed more than once. 

For the most part concussion aa-rs produced by stiiking an exposed portion of 
the movable skull, usually the temporo-parietal region. The striking implement 
AA'as a pendulum-like apparatus similar to that described by Denny-BroAA-n and 
Russell (1941). 

A smaller series of cats AA’as concussed by a different method, the e.ssential 
feature of AA’hich AA’a.s transmission of force through a fluid column to the intra- 
cranial space. The apparatus aa’us modeled after that of Clark (1943) but pos- 
sessed a snugly fitting piston and a A^ahm in the cannula AA’hich added greath’ to 
the ease and controlability of concussion production. A metal cannula AA-ith tAA’o 
inlets, one of them bearing a needle valve, AA’as filled AA’ith phj^siologic saline solu- 
tion and screAA’cd tightly into a 6 mm. trephine hole in the skull. The dura AA’as 
usually removed to the edges of the trephine hole. Copper tubing leading from 
the bottom of an upright cylindrical metal chamber AA'as fastened to the other 
inlet of the cannula. Tubing and cylinder AA’ere filled AA-ith saline through the 

3 The voltages recorded A\-ere root-mean-square voltages. 
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valvecl opening of the cannula and a snuglj’- fitting plunger ivas inserted into the 
open upper end of the cylinder. Concussion was produced bj'- dropping a 200 
gram disc from a height of 2 m. onto the plunger wliich was allowed to drive into 
the cjdinder displacing 1.6 ml. of saline. As an essential part of the concussive 
procedure the needle valve in the cannula was opened variable degrees to produce 
concussions of Amriable intensities. 

Other cats were used to test the effect of striking the exposed immobilized skull 
vith the pendulum; One e.xposed temporal region was fitted firml}’’ against a 
thick metal plate screwed to an unyielding wooden supporting assembly. The 
opposite exposed temporo-parietal region ivas struck vith the pendulum as in the 
experiments with the movable head. Care was taken to ascertain that the 
metal contacts with the skull were surface, not edge, contacts. 

At the termination of an experiment the animal was perfused with 10 per cent 
formalin and the brain and upper cermcal spinal cord removed. Subsequentlj^ 
the sites of stimulation were verified either by gross or by microscopic examina- 
tion. 

, Results. (1) Concussion produced hy pendulum blow xipoii movable head. 
Fifty-five concussions were produced in 28 cats. In 7 of these and 9 other 
animals mainh’’ in the earlier part of the work, 34 other attempts to produce con- 
cussion were unsuccessful. The points stimulated and the number of concussions 
in which each ivas under observation were as folloivs: hypothalamus, 1; h3’'po- 
thalamus and motor cortex in same preparation, 1; oculomotor nucleus, 10; 
trigeminal motor nucleus, 1; facial nucleus, IS; inspiratory center, 7; facial 
nucleus and zj'gomatic branch of the facial nerve, related to each other in the 
same preparation, 9; facial nucleus and nerve bundles in the pons between the 
nucleus and the genu of the facial nerve, related to each other in the same prep- 
aration, 1; facial nucleus and the face area of the motor cortex, related to each 
other in the same preparation, 2; forelimb area of the motor cortex and forelimb 
fibers in the basis pedunculi, related to each other in the same iireparation, 5. 

Grossly observable signs of concussion. Observations were generallj’' begun not 
longer than 2 seconds after production of concussion. Immediatelj’’ and simul- 
taneoush" respiration ceased, the canthus (wink) and pupillary-light reflexes 
vanished, the nictitating membrane retracted, the pupils dilated and startle and 
pinna reflexes disappeared. These activities returned to normal appro.ximately 
in the order in which the}’’ are listed. The canthus reflex usualb-- returned in 10 
to 150 seconds; the pinna refle.x, in 2 to 15 minutes. In lighter concussions 
pupillaiy dilatation and nictitating membrane vdthdrawal were not instantane- 
ous, nor were they as extensive as in more severe concussions. Respiration 
seemed to be arrested between inspiration and expiration. It usually returned 
spontaneous!}’' in 10 to 120 seconds. In 7 instances of veiy severe concussion 
respiration did not return spontaneous!}'. Manual artificial respiration was suc- 
cessful in 4 of these. 

The intensity of the concussion was proportional to recovery times of the 
observable signs mentioned above, especiall.y, of the canthus reflex and, to a 
somewhat lesser degree, of respuation. 
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Immediate effect of concussion, upon thresholds for elicitation of responses by 
central siimulatioji. The thresholds for supranuclear motor system responses' 
(motor cortex, hypothalamus and tegmentum) rose sharply upon concussion in 
66 of 80 obsen’^ations. In just 2 instances, both invohdng a pilomotor response 
to h 3 ’pothalamic stimulation, was a decrease in threshold of a supranuclear 
response noted. It seemed hkelj" in most of the remaining 12 obsen'ations that 
failure to detect a rise in thresholds was due to concentration of attention on other 
responses. 


TABLE 1 

Concussion effects in cell groups and in fibers related in same concussions 


CAT 

XHBESHOLD* 

SITE OT SmiULATIOK 

EESPOXSE 


Fibers 

1 

j Cell groups 

49 

2.5 

3.5 

Basis pedunculi ; motor corte.x 

Forelimb movement 


2.5 

7.5 



50 

4.5 

3.6 




5.5t 

7.0 

1 



50 

5.0 

5,0 




5.0 

>20.0 



52 

1.0 

0.8 

Facial nerve fibers between nu- 

Lid closure 


1.0 

2.6 

cleus and genu; facial nucleus 


41 

0.9 

1.0 

Zygomatic branch of facial 

Lid closure 


0.9 

1.2 

nerve, facial nucleus 


44 

0.6 

0.7 




0.6 

1.8 



45 

0.6 

0.8 




0.6 

1.8 




* Thresholds in volts. The upper number of each pair is the control value; the lower 
number, the concussional value. 

t This is the one instance of slight rise mentioned in the text. At this level of stimula- 
tion, 0..5 volt was the smallest increment used in testing. Control values in this animal 
were fluctuating between 4.0 and 5.0 volts. 

Quite different were the results obtained from stimulation in cranial motor 
nuclei during concussion. Of 45 such responses obser\*ed, 19 .showed no change 
of threshold upon concussion, 6 .showed slight but sharp decrease in threshold 
and 20 were characterized by a sharp rise. 

Data on the response of inspiration obtained bj^ stimulating the reticular 
formation of the medulla oblongata are not included in the above survey's. From 
7 obseiA^ations of this response in concussion it was found that the threshold 
remained tmchanged in 3, sharply decreased in 2 and sharply increased in 2. 

Tlie thre.sholds for responses from cranial motor nuclei and from the respiratory 
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center generall}’- ivere elevated little or not at all upon concussion, although reflex 
activation of these nuclei and spontaneous respiration were abolished. 

In 9 instances stimuli were applied to nerve fibers wliich coursed through the 
brain (descending motor tracts or cranial motor neiwe fibers). Concussion did 
not alter thresholds for elicitation of responses in 7 experiments, lowered the 
threshold upon one occasion and evoked a slight rise in the remaining instance. 
On 9 occasions the zj'^gomatic branch of the facial nerve was tested during con- 
cussion. It was not affected. 

Among the above mentioned experiments were some in which electrodes were 
placed in pairs in the same preparation, one electrode stimulating a cell gi’oup 
and the other stimulating axons derived from the cell group. Follovang con- 
cussion the threshold of the fibers was determined first, the threshold of the cell 
groups next (table 1). As indicated above, thresholds of the cell gi’oup were 
elevated in concussion while those of fibers w'ere not. 

Threshold values. Control thresholds of the motor cortex were distributed 
between 3.0 and 5.0 volts. The concussion increments ranged from 1.5 to more 
than 17 volts. Control thresholds of other supranuclear responses ranged from 
0.8 to 3.0 volts, vdth concussion increments ranging from less than 1.0 to 7.0 
volts. Increments of supranuclear responses were generally greater than those 
of other responses. 

In the cranial motor nuclei, control thresholds were 0.7 to 1.6 volts. The 
concussion increments ranged from less than 1.0 to 2.5 volts. The highest 
absolute threshold value recorded was 3.5 volts except in one instance of fatal 
concussion. Thresholds in the inspiratory center behaved much like those in 
the cranial motor nuclei except that the control values were as much as 2.0 volts. 

Control thresholds of neiwe fibers ranged from 0.5 to 1.6 volts except in the 
basis pedunculi. There they were higher, as can be seen in table 1. 

In the two instances in which thresholds of supranuclear responses decreased 
upon concussion, values were lowered 1.0 and 1.2 volts. In the motor nuclei 
they were lowered 0.2 volt; in the inspiratory center, 0.4 volt and in nerve fibers, 
0.4 and 0.2 volts. 

Recovery of thresholds. Threshold increase and tlneshold recoverj’’ time were 
roughly proportional to intensity of the concussion. Unlike threshold rise, 
threshold recover}'' was relativety gradual. Recovery curves usualty ivere steep 
at first and then tended to level off as the values approached the control values. 
In a number of instances thi’esholds returned to normal in a fraction of a minute 
to 5 minutes follo'^fing the acute concussional rise. In some experiments in which 
electrodes were in the facial nucleus or in the inspiratory center complete re- 
cover}'' of thresholds coincided ■with return of the canthus reflex or of spontaneous 
respiration. In one instance the threshold of the motor cortex returned ivith the 
canthus reflex and spontaneous respiration at one minute. As a rule return to 
normal of the grossty observable signs of concussion Avas unaccompanied by a 
corresponding recoA'er}'' of the thresholds under test. Nearly half of the thresh- 
olds did recover completely in variable periods up to 1|- hours. The rest re- 
coA'ered only partiall}'' or not at all in the periods alloAA''ed AA'hich were 20 minutes 
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to 2 hours. Protracted or incomplete recovery was not due to skull fracture 
or to gross hemorrhage. 

Relation of respiratory failure to concussional changes. In order to eliminate 
anoxia as a causative factor of acute concussional threshold changes the trachea 
was clamped in 5 cats which had recovered from concussion. The pupils began 
to dilate only after 1 to 2 minutas, the canthus reflex disappeared in 2 to 3 
minutes and thresholds did not begin a gradual rise until 2|- to 5 minutes. Five 
other concussed animals exhibited effects of anoxia superimposed upon the early 
recovery period. 

Fatal concussion. In one cat with the electrodes in the facial nucleus the thresh- 
old rose to 20 volts from a control value of 0.8 volt. After 90 seconds, when the 
threshold had fallen to 14 volts, an irreversible rise began. Respiration ceased 
upon concussion and manual artificial respiration was unsuccessful. The canthus 
reflex disappeared at concussion and never returned. Agonal piloerection set 
in 120 seconds after the blow. Death seemed to be due to circulatory collapse. 
This was no doubt as severe a concussion as could be produced with the pendulum 
striking the movable head, demonstrating that in concussion of unusual severity 
the threshold of even a cranial motor nucleus can be greatly elevated. 

In two experiments in which thre.sholds did not rise unusually lugh imme- 
diately upon production of severe concussion, artificial respiration was not 
applied early enough to prevent death. In a third it was not applied at all. 
As -anoxia set in thi'csholds rose irreversibly and death occurred from respira- 
tory failure. 

(S) Concussion produced hy transmission of force through fluid. Two series of 
animals were used in these experiments. In the first series the needle valve was 
not opened; the fluid was driven into the cranium and allowed to escape within 
2 seconds after the blow'. Five concussions were produced in 4 animals with 
electrodes in the inspiratory center, one in a cat with electrodes in the inspiratory 
center and in the motor cortex and one in an animal with electrodes in the 
hypothalamus. One of these was of the immediately fatal type described above 
in which death w'as probably due to circulatoiy collapse. Four of the remaining 
6 wnre more severe than any wn encountered except the 2 which resulted in 
immediate fatality of the circulatory failure type. Nevertheless all thresholds, 
i.e., those for supranuclear responses, inspiration and tongue movement in re- 
sponse to stimulation of hypoglossal fibers in the medulla oblongata, changed in 
complete accordance w'ith the pattern reported for pendulum concussion. 

In the second series the needle valve w-as opened varying degrees before the 
I3I0W, permitting fluid to escape through an opening of adjustable size at the 
moment of the blow. This method provided the greatest uniformit}’- of results. 
Table 2 contains a summary of data from all concussions produced by it. Re- 
sults conformed in all respects with those already recorded. Thresholds of the 
supranuclear responses (motor cortex and hypothalamus) showed greater rise 
and slower recover.y than those of cranial motor nuclei (facial nucleus). The 
inspiratory center behaved much like a cranial motor nucleus. Thresholds of 
motor nenn fibers (hypoglossal fibere) Avere not elevated. Although not indi- 
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cated in table 2, pupillary dilatation and nictitating membrane withdrawal oc- 
curred as in the iiendulum experiments. In addition conditions were favorable 
for the observation of the slight but constant startle which occurred at the 
moment of a bloAv. 


TABLE 2 


Results of coiicvssion produced with hydraulic system 





RETURN of: 



STIMULATION THRESH- 


CONCUS- 

VAL\'E 







OLDS 



SION 

OPEN- 




SITE OF STIMULATION 

RESPONSE 




NO. 

NO. 

INC 





Con- 

Concus- 

Recov- 





ytuMii 




trol 

siona! 

ery 



turns 

seconds 

i sec- 
* onds 

I sec- 
onds 



noils 

noils 

sec- 

onds 

53 

1 

1 

30 

15 


Facial nucleus 

Lid closure 

0.7 

0.8 

45 


2 

! 3 

, 4 

45 

30 




0.7 

1.4 

45 


3 

[ 

i 

60 

50 

||3 

1 


0.7 

5.0* 

100 

54 

1 

1 

! 1 

30 

8 

i 

! 

Motor cortex 

Lid closure 

2.5 

3.5 

45 


2 

3 

X 

85 

25 





14.0 

105 


3 

h 

150 

60 





>20.0 

600 

55 

1 


20 I 

15 


Hj’^pothalamus 

Pilocrection 

1-1 

2.0 

45 


2 


30 

15 




1.2 

1.8 

1500 


3 


900 1 

120t 




1.3 

1 

>10.0 

§ 

56 

1 

1 

180 

60 


Hypothalamus 

Pilocrection 

2.0 

>10.0 

§ 

57 

1 

1 

5 

11 


Reticular forma- 

Inspiration 

1.8 

1.4 



2 

3 

4 

60 

H 


tion of medulla 


! 1.8 

3.0 

§ 


3 

i- 

270 

n 




2.5 

2.5 


57 

1 





Reticular forma- 

Tongue move- 

1.6 

1.0 



2 


Same concus- 

tion of medullall 

ment 

1.6 

0.8 



3 


sions 




1.6 

1.0 



* This concussion was one of the most severe in which electrodes were in a cranial motor 
nucleus. 

t One turn did not produce concussion. 

t Artificial respiration applied at 60 seconds. 

I Recovery incomplete in time allowed. 

Respiration ceased but elicitation of inspiratory response interfered with observa- 
tion of exact time of recovery of respiration. 

II Electrodes were on hypoglossal fibers. 

The cannula Avas screAved into the parietal bone except in cat 56 in Avhich it 
AA'as placed in the squamous portion of the occipital bone. Cats 55 and 56 AA’^ere 
prepared and concussed together. From table 2 it is cAudent that force applied 
to the Ijrain caudal to the tentorium cerebelli Avas more effectiA'’e in producing 
concussion than force applied rostral to it. 

(S) Concussion 'produced striking the immovable head ‘with the pendulum. When- 
CA'^er the pendulum Avas used magnitude of the bloAV AA^as measured in terms of the 
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angle between the shaft of the pendulum in its displaced position preparatory 
to striking a blow and the shaft in its mean position. The blow was recorded 
as a fraction on the basis of a 180° displacement as unitj^; e.g., a blow delivered 
with the pendulum shaft poised at the start 90° from its mean position was 
recorded as a one-half blow. 

Four cats were used. The first was given a three-quarter blow. This was the 
lightest blow used to produce concussion in the movable head. The striking 
end of the pendulum crashed through the fixed head, demolishing it, and struck 
the metal support plate. 

The second cat was first struck with a one-eighth blow of the pendulum. It 
had no effect. A one-quarter blow sprang the right tempero-parietal suture 
sUghtly and produced a very severe concussion. The pupils dilated widely. 
Artificial respiration was begun at 90 seconds. Spontaneous respiration began 
at 135 seconds. The canthus reflex returned in 285 seconds. About one hour 
later this same cat, but mth the head movable, was struck a one-quarter blow 
on the left temporo-parietal region. There was no effect. A one-half blow 
struck in the same manner produced a very sUght concussion ndth the canthus 
reflex and respiration both returning in less than 10 seconds. 

An initial one-sixth blow of the pendulum against the immovable head resulted 
in a moderate concussion in the third cat. Respiration ceased for 15 seconds 
and the canthus reflex was inert for 50 seconds. A second one-sixth blow pro- 
duced a very severe concussion. Artificial respiration was begun at 135 seconds. 
Respiration became spontaneous at 255 seconds. The canthus reflex did not 
return in the 10-minute recovery period allowed. A one-half blow of the pendu- 
lum was then delivered against the animal’s head. The blow crushed the skull 
from both sides and part of the cerebrum herniated. 

In the fourth cat G drill holes 1 mm. in diameter were made in the parietal and 
occipital bones on the left side of the skull and 4 holes on the right side. Several 
punctures were made in the subjacent dura at each hole. A one-sixth blow of 
the pendulum failed to impart concussion. A one-fourth blow produced a severe 
concussion. The right temporo-parietal suture sprang slightly. Respiration 
returned at 65 seconds, the canthus reflex at 190 seconds. 

A slight startle was observed at the moment of the blow in each concussion 
of the fixed head. 

Discussion. By stimulating motor portions of the brain we were able to 
collect data which we believe constitutes the first direct demonstration of local- 
ized internal functional alterations in brain concussion. Fascicles of nerve fibers 
did not exhibit impaired excitability during concussion. The excitability of cell 
groups comprising cranial motor nuclei was impaired less frequently, to a smaller 
degree and for shorter intervals than was that of such supranuclear motor 
regions as the brain-stem tegmentum, hypothalamus and motor cortex. Ex- 
citability of the inspiratory center in the reticular formation of the medulla 
oblongata differed from that of other supranuclear sj^stems tested and was much 
like that of a cranial motor nucleus in concussion. 

Differential functional alterations in the brain during concussion were found 
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in analysing the behavior of pupillar 5 '--light and canthus reflexes in relation to 
threshold changes in the oculomotor nucleus and the facial nucleus. In a ma- 
jority of instances these thresholds rose onlj'- slightlj'- or not at all vhile, con- 
comitantlj'', the reflexes ivere unelicitable. Here again the inspiratoiy response 
resembled a cranial motor nucleus response. In half the observations on the 
inspiratory center in concussion we found that thresholds for the inspiratory 
response did not rise although spontaneous respiration was abolished. 

A stimulation of certain neural components in concussion may have taken 
place. A slight transient startle response usually occurred at the instant of the 
blon'. The tongue muscles often contracted tonically when the bloiv was struck 
and the orbicularis oculi muscles sometimes reacted in the same way. These 
contractions endured for periods up to about 60 seconds. Dilatation of the 
pupil and withdrawal of the nictitating membrane may be mentioned here, 
although the fornier could have been a manifestation of oculomotor paralysis. 
In addition, Denn 3 ’--Brown and Russell (1941) noted inspiratoiy gasp. There 
is good correlation between the visible signs of central stimulation-like phenom- 
ena and the lowered thresholds to central stimulation sometimes observed in 
concussion. It is reasonable to suppose that these two features had a common 
basis. 

We found some evidence that thresholds, principalb' of supranuclear responses, 
underwent slight concussional elevations even though the canthus reflex was 
unaffected or was but momentarily extinguished. These observations were not 
numerous and were not included among results because we chose abolition of the 
canthus reflex as the criterion of concussion. Infrequently respiration ceased 
for 10 or 15 seconds while the canthus reflex remained intact. The converse of 
this was found occasionally. It would be justifiable to say that I'eiy fight con- 
cussions may occur without extinction of the canthus reflex. 

Occasionally we encountered subdural hemorrhages, punctate hemorrhages 
in the brain substance and, rarely, fractures of the skull. Results in these 
experiments did not differ from those in which such complications were absent. 

No basis \vas found for distinguishing qualitatively a concussion produced 
by one method from one produced by another. We believe that concussion 
results simply from the application to the brain of an adequate force. A con- 
sideration of the follovang formula vdll elucidate this statement; 

jp = ~ ^2) 

i 

In the pendulum experiments F = force applied to the skull; m = effective 
mass of the striking end of the pendulum ; vi — velocitj’’ of the pendulum when it 
contacts the skull; = velocity of the pendulum when it ceases to act upon the 
skull; t = time during wliich velocity of the pendulum changes from Vi to V 2 . 

A three-quarter swing, which produced concussion in the movable head (ex- 
ample A), demolished the fixed head (example B) because the force applied to 
the head was much greater in B than in A. The values of m and Vi were the 
same in A and B and the value of t was probably smaller in B than in A. In 
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example A the pendulum struck the skull, continued its suing brieflj^ in contact 
with the skull and was halted by a stop interposed in the path of its rigid shaft 
while the head continued to move and was halted slow!}’- by a heavi^^ padded 
stop. The value of v-z, which Avas the minimum velocity of the pendulum Avhile 
it was still in contact with the head, Avas only slightl.y less than Vi; most of the 
force of the pendulum aa'rs spent against its stop. In example B the pendulum 
struck the skull and AA^as stopped Ijy it: wz = 0. Therefore the quantity {vi-vi) 
AA'as much greater in B than in A; and (force in example B) AA-as much greater 
than Fa (force in example A). To produce a concussion in the imraoA'able head 
like that in the movable head (example A), the force applied must be made to 
equal Fa- It aaoII be neces.sar}’’ either to reduce the quantitA^ by reducing 

i>i, to reduce m or to increase i. Experimental!}’' aa’g reduced Vi by using a shorter 
SAAong of the pendulum. By this means aa’g produced concussion in the im- 
movable head comparable AA'ith that in the movable head (example A). In the 
course of our experiments AAath the movable head aa'c varied m by adding Aveight 
to the pendulum shaft. With no AA’eight added a three-quarter SAA'ing did not 
produce concussion. With sufficient AA'eight added a three-quarter sAA'ing did 
produce concussion. 

It must be remembered that \A’hen the skull Avas struck not all of the force 
Avas transmitted to the brain. It is possible that the portion of the force trans- 
mitted to the brain, or to parts of the brain most concerned in concussion, varied 
AAuth the region of the skull struck. We found it easier to generate concussion 
by striking the temporal region than the anterior inter-parietal region of the skull. 

In the hydraulic method of producing concussion F = force applied to the 
plunger; m = mass of the disc falling on the plunger; Vy — A^elocity of the disc 
AA’hen it contacts the plunger; vz = velocity of the disc AAffien it ceases to act upon 
the plunger; i = time during AA’hich velocity of the disc changes from Vy to Vo. 

We found it most practical to applj^ a constant force to the fluid column and 
to alloAv part of it to be dissipated through the needle valve in the cannula. The 
force (total pressure) transmitted to the brain could thus be controlled. The 
vaWe opening also functioned to prevent displaced fluid from being locked in the 
cranium. We found that force applied caudal to the tentorium cerebelli AA^as 
more effectively transmitted to the brain-stem structures involved in concussion 
than force applied rostral to it, but because of the greater conA''enience the latter 
procedure Avas more generally satisfactory. 

SUMJIARY 

Concussion aa^s produced by applying adequate force to the cat’s brain by 
means of a pendulum striking the head or a hydraulic system connected AAuth 
the interior of the cranium. Respiration ceased; the canthus, pupillary-light, 
stai-tle and pinna reflexes disappeared; the pupils dilated and the nictitating 
membrane retracted. Electrical stimulation AAOthin the brain by means of fine 
electrodes placed AA'ith the Horsley-Clarke instrument revealed that excitability 
of the intra- and extra-cranial portions of the cranial motor nerves and of the 
descending fibers from the cerebral cortex in the basis pedunculi AA'ere unimpaired 
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in concussion. Excitability of nerve-cell groups comprising cranial motor nuclei 
was impaired less frequently, to a smaller degree and for shorter intervals than 
excitability of supranuclear motor parts, such as brain-stem tegmentum, hypo- 
thalamus and motor cortex. The inspirator3'' center of the medulla oblongata 
behaA'ed much hke a cranial motor nucleus. Cessation of respiration and 
abolition of reflexes appeared not to be motor defects. Concussional alterations 
in function set in at the moment concussion was produced and functional re- 
coveiy occurred gradualty. A brief, often momentar}^ excitatory' effect on 
motor neurons, apparently correlated with decreased thresholds, was sometimes 
observed upon concussion. 
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The effects of renin and angvotonin on cardiac output/minute, and conse- 
quently the share that cardiac factors play in their pressor action, remain 
questionable. Hill and Andrus (1) reported no effects on heart rate and an 
increase both in systolic discharge and minute cardiac output of heart-lung 
preparations. Results on cat hearts perfused with Locke’s solution suggested 
that the coronaiy vessels are constricted. Lorber (2) confirmed these olrserva- 
tions on completely isolated Irearts perfused with blood and reported also a 
decrease in diastolic size and an improvement in oxygen utilization, work, and 
efficiency of the heart. Data as to how arterial and venous pressures changed 
were not given. 

Since results obtained on isolated hearts are partly determined by the way 
the apparatus is arranged and since conditions are not quite comparable to those 
in the body, information as to changes which occur under natural conditions is 
'desirable. Two such studies on man were almost simultaneously reported. 
Both groups evaluated systolic discharge and cardiac output from l^allistocardio- 
grams and made supplementaiy studies by roentgenographic methods. Bradley 
and Parker (3) found no appreciable decrease in diastolic size but a reduction 
in systolic discharge and considerable diminution of minute cardiac output, 
owing to a marked cardiac slowing. Wilkins and Duncan (4) obtained some- 
what similar results but noted an increase in diastolic size and rise in venous 
pressure. Their designation of the condition as "myocardial failure” seems to 
stretch the term. Decreases in cardiac output in man have also been reported 
bj’’ Coumand, Rogers and RUey (5) and by Taylor and Page (6). 

PnocEDUEE. The question was reinvestigated by quantitative cardiometric 
methods on dogs under morphine-barbital anesthesia. The procedures used 
and the precautions required in such studies have been described in previous 
papers from this laboratoiy (7, 8). A few technical changes were introduced 
wliich simplified exact quantitative evaluations. For example, it was found 
po.ssible and advantageous to apply the cardiometer without opening the peri- 
cardium, thereby at once simplifjdng its placement and eliminating a criticism 
of the method. By recording the form of curves just before, during and after 
use of renin or angiotonin, the freedom of curves from artifacts (8), particularly 
at the onset and end of systole, could be tested. Only curves which were either 
technically perfect or capable of easy correction were used. Right atrial pres- 

1 The expense.? of tliis investigation were defrayed by grants from the Commonwealth 
Fund and the Rockefeller Foundation. 

' Rockefeller Travelling Fellow. 
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sure Y'as recorded siinultaneousl 3 ’' b}'- a water manometer and a rise exceeding 
1 cm. of Avater after application of the cardiometer served as a good criterion 
of a too snug fit of the membrane. Leaks Avould of course be made obvious 
in calibrations Just before and after each observation. All calibrations Avere 
made AAdth the beating heart in the cardiometer, as preAdouslj’' described (8). 

Injections of renin and angiotonin, diluted to 5 cc. AA^ere made into a femoral 
A'-ein, the doses depending on the preparation.® 

The folloAAdng notes sei’A^'e to indicate the condition of our animals at the time 
of injection. The aA'-erage mean arterial pressure A\'as 110 mm. Hg, the minute 

TABLE 1 


Showing increases in various dynamic factors after renin and angiotonin 


EXPT. 

PREPARATION 

DOSE 

VENOUS 

PRESSURE 

DIASTOLIC 

VOLUME 

SYSTOLIC 

DISCHARGE 

HEART RATE 

CARDIAC 

OUTPUT 

arterial 

PRESSURE 

T.P.R. A.U. 

(increase) 

T.P.R. A.U. 

(control) 

1— A 

Angiotonin (Lilly) 

CC, 

0.5 

mm, 

+4 

CC, 

+2 

CC, 

+0.3 

min- 

utes 

0 

CC, 

+54(3.3%) 

mm. 

Ss 

+10 

270 

6,410 

B 

Angiotonin (LilbO 

1.0 

+6 

+4 

+0.0 

-12 

-114(6.9%) 

+12 

1,000 

6,010 

C 

Angiotonin (Lilly) 

2.0 

+6 

+5 

+0.5 

-6 

+38(2.4%) 

+24 

1,360 

6,180 

D 

Renin (Lilly) 

0.1 

+5 

+4 

+0.5 

-12 

-30(1.5%) 

+14 

720 

5,380 

E 

Renin (Lilly) 

0.2 

+6 

-j“3 

0 

-18 

-153(9.1%) 

+15 

1,360 

5,700 

2 

Renin (Lilly) 

0.3 

+2 

+7 

-0.34 

-8 

-102(?) 

+56 

7,250 

5,273 

3— A 

Renin (Lilly) 

0.5 

+49 

+4 

-2.26 


-911 (49%) 

+73 


3,470 

B 

Renin (Lill}’’) 

0.5 

+14 

+2 

-0.81 

-9 

-190(22%) 

+43 

8,300 

10,750 

4— A 

Angiotonin (Lilly) 

0.5 

+2 

+1 

-0.6 

+7 

-41(3.4%) 

+22 

1,730 

5,900 

B 

Angiotonin (Lilly) 

0.3 

+6 

+2 

-0.2 

0 

+29(2.4%) 

+38 

2,370 

6,250 

5— A 

Renin (Lillj^ 

0.4 

+5 

+5 

-0.3 

-21 

-134(15%) 

+36 

7,180 

11,820 

B 

Angiotonin S.M.A. 

, 

1 unit 

+4 

+6 

-0.4 

+9 

-10(1.2%) 

+43 

4,420 

9,380 


cardiac output averaged 2.47 L/min./sq.m., and the total peripheral resistance 
(T.P.R.) calculated from them ranged from 3700 to 7000 A.U. 

Results. Injections of renin and/or angiotonin Avere made in 14 dogs. In 
6 of these renin or angiotonin injections were repeated at hourlj’' interA^als to 
test the effects of increasing and decreasing doses. In 8 of these angiotonin and 
renin AAnre injected successivelj’' in order to compare their effects on the same 
animal. 

An analj'sis of all records and the tabulated data reA^^ealed that, except for 
speed and duration of action, the two substances are similar in their d 3 'namic 
actions. To conserA'’e space, only enough data from a large tabulation are 
included in table 1 to illustrate the A''ariet 3 '' of effects and their dominant trends, 

® We are indebted to Mr. J. L. Schmidt of the S. M. A. Corporation, Chagrin Falls, Ohio, 
and to Dr. I. Page of Ely Lillj^ Co., Indianapolis, Indiana, for the supplies of renin and 
angiotonin used. 
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As illustrated by experiments 1 and 3, progressively increasing doses of renin 
or angiotonin cause progressively greater pressor effects. Right atrial pressure 
increased only a trifle when smaller doses were used, but rose considerably with 
more potent doses (3, A, B). Regardless of venous pressure changes, the dias- 
tolic size increased in the majority of teste. Even with doses causing but small 
elevations of arterial pressure, some dilatation occurred. Contrary effects such 
as reported by Lorber were never observed. In many instances, a moderate 
decrease in heart rate probably con1,ributed to the dilatation noted, but since 
it occurred also in instances in which no rate changes occurred (e.g., lA, 4B), 
a direct effect on the myocardium must be inferred. The small changes in 
venous pressures could not have produced such effects. 

With very small doses, the stroke volume showed onlj’- slight changes in the 
direction of a very slight increase or decrease. With more effectiA’'e doses (Expts. 
2, 3), generally those which elevated mean pressure more than 30 mm., a variable 
reduction occurred. Unquestionably, both agents depress the myocardium when 
given in sufficient quantities. 

With small doses, cardiac rate generally decreases, as shonm in the table. 
Apparently, the normal compensation, i.e., an increase in stroke volume as heart 
rate slows and diastolic volume increases, is lost or reduced in the depressed 
myocardium. The cardiac output/minute is consequently alwa.ys decreased. 
With minimal doses of renin (e.g., expts. 1, 2, 4, 5B) the reduction was less than 
10 per cent; nith more effective doses (e.g., expt. 3) it was sometimes reduced 
to half. In the former the reduced output/minute was due entire!}’’ to slowng 
(expt. 1), in the latter reduction in stroke volume was dominant (expt. 3). 
These results are in agreement with those of most of the previous investigators. 
While the cause of the myocardial depression was not established, it is a fair 
inference that this is related to somewhat variable effects on coronary flow. The 
cardiometric changes certainly resemble effects of pitressin, a well established 
coronaiy constrictor. 

On the basis of such cardiac changes, Ave may conclude that the rise in mean 
arterial pressure in animals gives a fair quantitath’-e index of changes in total 
peripheral re.sistance folloAA’ing injections of renin and angiotonin, but only 
provided small doses — ^usually those causing elevations of 30 mm. or less — are 
used. Large doses cause erratic effects owing to variable reduction in minute 
cardiac output. 

The question was further studied by calculating changes in total peripheral 
resistance in absolute unite (A. U.) as in preAuous reports (8). In most of our 
animals the control resistance ranged betAAnen 5000-7000 A.U., AA’hich is some- 
AA’hat higher than in less extensively operated dogs. As illustrated in experi- 
ments 1 and 3, the resistance increased AA’ith the dosage, as did the mean arterial 
pressure. When a previous state of increased peripheral resistance existed, 
equivalent doses of renin or angiotonin caused not merely a further increase 
but often an accentuation. This is illustrated in experiment 6 A in AA'hich the 
effects of a preA’ious test with a small dose of epinephrine had not fully passed 
off and in figure 3B, in AA’hich the Avascular effects of a preA’ious dose of renin 
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seemed to persist for fifty-eight minutes. For example, the results of the last 
experiment showed that a fimt 0.5 cc. dose of renin caused a pressor effect of 
73 mm., while a second equal dose approximateh’- an hour later, produced a 
pressure rise of 43 mm. This tendencj’- to a pseudo-tachyphjdactic response 
was obviously due to the fact that the depressant cardiac action of the first dose 
persisted and hence the gradual fail of blood pressure to approximately the 
control level, did not signifj^ that the vascular effects induced by the first dose 
had disappeared. Calculations of T.P.R. showed that the second dose caused 
a greater increase in total peripheral resistance than did the fiist, but this was 
not mirrored in the rise of arterial pressure owing to further reduction in minute 
cardiac output. 

The conclusion is that when significant cardiac depression is induced b}’’ renin 
or angiotonin, the pressor effects induced b}'' successive doses do not offer reliable 
information with regard to the degree of peripheral constriction induced. This 
maj^ be of importance in the study of tachyphjdaxis and in comparing the rela- 
tive potencies of different preparations by successive tests on the same animal. 
Since such cardiac effects are absent or minimal with doses which cause pressor 
effects which do not exceed 30 mm., it is suggested that as small doses as possible 
be emplo 3 ^ed in such studies. 

SUiMMARY 

1. The effect of renin and angiotonin on cardiac output was studied bj" a 
refined quantitative cardiometer method. 

2. Small doses cause insignificant changes in s 3 '’stolic discharge in the direction 
of slight increases or decreases, but the concomitant slowing reduces cardiac 
output/minute slightljL A studj’^ of changes in total peripheral resistance 
mdicates that the pressor rise offers a reasonable indication of the magnitude of 
•peripheral vasoconstriction. 

3. More potent doses — generally those which cause a pressor effect of 30 
mm. or more — result in a variable reduction in s 5 *stolic discharge and together 
with cardiac slowing ma 3 ^ reduce cardiac output/minute very significantly. 
In such instances, pressor effects underestimate the change in total peripheral 
resistance considerabljL 

4. Since such cardiac depression maj'- persist after use of larger doses, the 
return of arterial pressure to control levels ma 3 '- not be a sign that its peripheral 
action has passed off. In all tests requiring repeated injections, it is recommended 
that doses be used which do not evoke pressor effects in excess of 30 mm. Hg. 
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Since the fundamental investigations of Goldblatt, Page, Houssay and their 
respective associates have elucidated in part the role of the kidnet^s in experi- 
mental hypertension and the mechanism which renin becomes an effective 
agent, the possibihties have been suggested 1, that the renin-renin substrate- 
angiotonin-hypertensinase S 3 ^stem represents a homeostatic mechanism for the 
control of noianal arterial pressure, and 2, that an increased production of renin 
and subsequent development of tachj^phjdaxis occurs during hemorrhage. 
Thus, Hamilton and Collins (1, 2, 3), Sapirstein, Ogden and Southard (4, 5), 
and later Huidobro and Braun-Menendez (6), presented evidence that the renin 
content of dog’s blood increases after hemorrhage. Hamilton and Collins (1, 
2, 3), also found that nith prolongation of a hj’^potensive state, animals became 
refractor 3 ’- to renin, or at least its pressor action was much diminished. The)’’ 
suggested that such tachyph 3 daxis could explain final failure of the circulation 
in shock. Saphstein, Southard and Ogden (6) reported in addition that in- 
jection of blood containing renin substrate produced a pressor effect during 
post-hemorrhagic hypotension and this suggested that this substance may be 
depleted in hemorrhage and shock. 

This paper deals vith observations on the pressor responses and changes in 
peripheral resistance produced by renin and angiotonin at various stages of 
standardized hemorrhagic shock (7, 8), a method winch permits an evaluation 
of the actions of renin and angiotonin in two states of post-hemorrhagic h 3 T)o- 
tension, a state which can he and one which usuall)’’ cannot be reversed by 
subsequent reinfusion of the animal’s ovti blood. At first, an attempt was 
made to do this in “open chest experiments” in which cardiac output was deter- 
mined cardiometricall)’’ as described iu a previous paper (9). In this wa)', changes 
in total peripheral resistance, rather than pressor changes of imcertain origin, 
could be made a criterion of peripheral reactions. During man)’’ trials this did 
not prove entire!)’’ satisfactor)^ OA^dng to the difficulty of keeping such animals 
alive during the period of drastic h)’potension. As Wiggers and Werle (11) had 
previously found, the use of artificial resphation and application of a cardiometer 
during anesthesia superimposes some lethal component which makes unsatis- 
factoiy the method for producing standardized hemorrhagic shock by graded 
bleeding. The animals either die prematurely of cardiac failure or they pass 

1 The expenses of this investigation were defraj-ed by grants from the Commonwealth 
Fund and the Rockefeller Foundation. 

= Travelling Fellow of the Rockefeller Foundation. 
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into a state of shock not solely attributable to hemorrhage. Consequent!}', 
the most satisfactor.y experiments Avere those carried out on naturall}'- breathing 
animals with minimal operative procedures. Fortunatel}', such experhnents 
are fairly conclusive because, as was shown in a previous communication (11), 
pressor changes following injection of angiotonin and renin offer a fairl}' quanti- 
tative index of changes in peripheral resistance, proAuded doses are used which 
do not cause elevation of mean pressure in excess of 30 mm. Hg. 

' Method. Dogs anesthetized with morphine (ca 3 mgm./kilo) and sodium 
barbital (175 mgm./kilo) were used. The animals weighed from 9 to 13.5 
kilos. They were operated upon with the minimum possible traumatism. 
The femoral mean arterial pressure Avas recorded b}' a mercury manometer, and 
central pressure pulses by the routine technique used in this laboratoiy. The 
animals Avere bled folloAA’ing the method described by Huizenga, Brofman and 
Wiggers (8) for the production of “standardized hemorrhagic hjqiotension and 
shock.” BrieflAq it consists in bleeding a dog from the femoral arteiy at a rate 
of approxdmately 50 cc./min. until mean arterial blood pressure is reduced to 
50 mm. Hg and in maintaining this pressure level for 90 minutes. This has 
been found to -be a reA'ersible period. After tliis time the animal is bled again 
until a mean pressure of 30 mm. is realized and ke^it at this IcA^el for 45 minutes. 
This deA'elops an irreA'ersible state in approximatel}' 75 per cent of animals, 
for AA'hen all the blood AA-ithdraAA’n into heparin is reinfused through a femoral 
A'ein at the end of these periods either a precipitate or someAA'hat delayed circu- 
latoiy failure supeiwenes. These stages are schematically shoAAn in figure 1. 
Renin and angiotonin AA'ere tested during the control period prior to hemorrhage 
(A), at the end of the 50 mm. hypotension period (B), at the end of the 30 mm. 
period (C), immediately after the reinfusion of blood (D) and at Amrious intervals 
during the post-reinfusion period (E, F.). The quantities of renin and angiotonin 
solutions administered to different animals A'aried, as I used preparations of 
different origin,® but for reasons giAmn in a preAuous paper the doses chosen 
were small enough to produce no more than a 30 mm. rise in mean arterial 
pressure duiing the control tests. The same dose Avas giA'en in subsequent injec- 
tions. The agents AA’ere diluted to 5 cc. and injected into a femoral A'ein. The 
blood AAuthdraAAm AA'as received in a container AAith excess of 10 per cent heparin 
solution to eliminate any possibility of clotting and was kept in the ice-box at 
7°C. until shortl}' before it AA'as reinfused. This Avas done in order to minimize 
interactions of renin and renin substrate and the subsequent destruction of 
angiotonin (hypertensine) b}'' hj'pertensinase. 

■ Results. The data presented first are based on observations on 10 naturall}’’ 
breathing dogs all of AA'hich, after remfusion of blood, developed either a precipi- 
tate or delayed form of shock, as defined by Huizenga et al. (8). The schematic 
diagram of figure 1 illustrates experiments chosen to bring out the few incon- 
sistencies Avhich occurred rather than consistencies. Plots I, II and III repre- 

^ We desire to thank Dr. Irvine Page of Eli Lilly Laboratories, Indianapolis, and Mr. 
J. L. Schmidt of the S. M. A. Corporation, Chagrin Falls, 0., for generous supplies of renin 
and angiotonin. 
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sent the rise in millimeter Hg of blood pressure resulting during different stages 
of the experiments from injection of angiotonin and renin at different stages. 
The white rectangles represent reactions to renin; the black ones to angiotonin. 
Circles indicate absence of reaction. Plot I illustrates reactions in precipitate 
and plot II in delaj-ed shock to angiotonin and renin, both tested as described 
above. Plot III shows reactions obtained in two animals in which no renin 



Fig. 1. Plots showing the response of renin (white rectangles) and angiotonin (black 
rectangles) during two stages of hemorrhagic hypotension, after reinfusion and shock. 
Ordinates; for I, II and III, rise of blood pressure in millimeter Hg; for IV-V, changes in 
total peripheral resistance e.xpressed in A.U. X 10’. Discussion in text. 

or angiotonin had been administered until the end of the 30 mm. period. This 
was done in order to check the possible development of an artificial tach 3 ’ph 3 daxis 
in experiments of this type, despite the allowance of intervals which are supposed 
to obviate such actions. 

In the eight experiments tjTiified by plots I and II, the pressor responses to 
renin and angiotonin were generally reduced during the 50 mm. period, the 
exceptions being the instance shown in plot II. However, such reactions were 
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either completely abolished at the end of the 30 mm. period, or reduced to very 
questionable elevations of pressure. 

Shortl3’' after reinfusion of blood which presumably'’ contained renin substrate 
(a globulin, Page; hy’^pertensinogen, Braun-hlenendez) and which essentiallj’’ 
restored arterial pressures to control levels, some pressor response to both renin 
and angiotonin was generally'' found, but this increase was never great. How- 
ever, the unexpected observations were made that in most of the experiments 
these responses became progressively greater, despite the fact that arterial 
pressures fell (plots I, II). 

In two experiments illustrated by plot III in which no injections were made 
until the end of the 30 mm. period, renin caused a good response and after re- 
infusion this was much less. This raises some question ’v^uth regard to possible 
retention of effects of previous injections. However, this would seem to be 
discounted by the fact that the pressor response improved later when the pre- 
cipitate decline of pressure was well under way'. Results from two of the most 
successful cardiometer experiments in which total resistance (TPR) was cal- 
culated are shoAwi in plots IV and V. The bottom of the rectangles shows the 
TPR in absolute units (A.U.) at the time the injections were made and the 
height of the rectangles shows the magnitude of change. The results show again 
that the effects on TPR are abolished at the end of the 30 mm. period and, with 
the exception of the experiment shoum in plot IV, are reduced during the 50 mm. 
period. This sequence occurred regardless of whether changes of TPR occurred 
at different times of the experiment (plot IV) or whether this happened to remain 
relatively constant, as in plot V. The tendency'’ for reactions to increase in the 
post-infusion period was clearly seen in only two of the five experiments, one of 
which is shovm in plot IV. However, it should be noted that recovery and 
sustenance of blood pressure were never as good as those “open chest” experi- 
ments, so that failure to observe this effect consistently' is not necessarily sig- 
nificant. It is possible to state with confidence from experiments such as are 
sho’\TO in plot IV that the incrementing pressor reactions duriug the post-hemor- 
rhagic -period are a true peripheral effect and not due to an increase in cardiac 
output. 

Discussion. Certain deductions can be dra'^TO from the various reactions 
obtained: 

1. No essential differences were found in the effectiveness of renin and angio- 
tonin when injected in various periods of post-hemorrhagic hypotension, after 
reinfusion, and during subsequent circulatory failure. As nearly as can be 
estimated from expeiiments, renin or angiotonin in doses sufficient to cause 
definite pressor effects in control animals both become less potent during the 
50 mm. period of hy'potension and lose their potency toward the end of the 30 
mm. period. When again tested 15 or 20 minutes after reinfusion the capacity 
to react both to renin and angiotonin is partially' regained. These facts taken 
■together offer no support for the conclusion that the lack of response to renin 
during the stage hi which irreversibility' develops is related to a possible deficiency 
of renin substrate. 



136 


SAMUEL MIDDLETON 


1 


2. When equivalent doses of renin or angiotonin were administered at pro- 
gressivelj'- longer intervals after reinfusion of blood, the intensity of the pressor 
responses did not decrease again, but on the contrary generally tended to im- 
prove. In a few open chest ex'periments it could be shovm that this was due 
to a greater augmentation of TPR. Since this occurred while circulatory failure, 
indicated both bj'" declining arterial pressure and cardiac output/min., was in 
progress, it cannot be claimed that such failure Is due to reduction in the renin 
substrate. 

3. The finding that the intensity of the pressor response both to renin and 
angiotonin increased when tests are made at progressively longer intervals 
after reinfusion is not eas}’' to explain. Several possibilities may be examined: 

a. The hypothesis that this is indicative of a progi’essive default of hypertensinase 
(angiotoninase) as shock develops, was considered. It is difficult to picture 
whj^ such a hypothetical decrease in this enz3mie does not begin to manifest 
itself during the 30 mm. period when the damage is being done. The fact that 
pressor responses both to renin and angiotonin are often completely lacking 
would be difficult to explain on such a concept. The chief objection to such 
a hypothesis was pointed out to me by Doctor Goldblatt: Hypertensinase (angi- 
otoninase) is not a rapidly* acting enzyune, like cholinesterase, for example; on 
the contrary, it acts so slowly that its presence or absence would have no dis- 
coverable effect on angiotonin administered intravenously. 

b. The possibility' that the decreasing and increasing pressor responses to 
renin and augiotonin may be due to changes in arterioles rather than in humoral 
mechanism cannot be overlooked. It is conceivable, for example, that vessels 
already constricted during post-hemorrhagic hypotension can contract no further, 
but as they become dilated during the development of circulatory failure they'’ 
may’ contract again. Our “open chest” experiments showed no correlation, 
however, between the existing TPR and the magnitude of response. Thus, 
as sho■\^'n in plot IV, the pressor response to renin after reinfusion increased, 
although TPR was practically constant; and in plot Y it was later abolished 
when TPR had been reduced. 

c. The possibility’’ that the variable reactions are due to depression and re- 
covery* of central nervous mechanisms in our experiments must be considered 
in view of the recent findings of Page (11) that similar states of refractoriness 
to angiotonin develop after severe central neiwous trauma and severe hypoten- 
sion. If this is true, deterioration of central nervous function does not go hand 
in hand vdth circulatory^ failure of shock as is generally’’ supposed. It is -vrise, 
however, not to invoke any such central mechanism until our ideas shall have 
become clearer with regard to their modus operandi. 

It is necessary to conclude that these experiments have y’’ielded no valid 
evidence in support of the suggestion that the mechanisms by’’ which renin is 
activated is implicated in the development of circulatory failure which follows 
prolonged post-hemorrhagic hypotension and that the gradual recovery^ of 
response to renin and angiotonin during progressive circulatory failure remains 
unexplained. 
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SUXEMARY 

1. The effects of renin and angiotonin in doses causing a pressor response 
of 30 mm. Hg, or less, were determined during two stages of post-hemorrhagic 
h3i3otension and at various periods after reinfusion of the blood, i.e., during 
development of precipitate or dela 3 ’'ed circulatoiy failure regarded as charac- 
teristic of shock. 

2. In confirmation of other investigators, it was found that the pressor re- 
sponses to both of these agents diminished and then disappeai*ed during the 
prolonged h 5 ’'potension, but recovered and increased progressive!}’" after rein- 
fusion of blood despite the development of circulatoiy failure. 

3. The results failed to support the suggestion that the mechanisms bj^ which 
renin is activated is imphcated in the development of circulatoiy failure and 
that the gradual return of response during progressive circulatoiy failure after 
reinfusion remains unexplained. 

I deshe to express mj’" appreciation to Dr. C. J. Wiggers for guidance in this 
work and to Dr. Hany Goldblatt for ad\dce in the interpretation of some of 
the results. 
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The importance of adrenal cortical material on renal function has been indi- 
cated by Harrison and Darrow (1) who found that in adrenalectomized dogs there 
is a failure of the renal tubules to maintain concentration differences of certain 
ions between the urine and the blood plasma. This disappeared on the admini- 
stration of adrenal cortical extract. 

The present stud3’- was undertaken to ascertain the effect of several prepara- 
tions derived from the adrenal cortex on the secretory activity of the proximal 
tubules of the chick kidnej’’ in tissue culture. The preparations, obtained 
thi’ough the courtesj^ of Dr, E. C. Kendall (Mayo Foundation), were Kendall’s 
whole cortical extract, Kendall’s crystalline Compound A (11-dehydrocortico- 
sterone), Kendall’s crj^stalline Compound E (IT-hydroxy-ll-dehj’-drocortico- 
sterone) and Kendall’s amorphous fraction. 

The cultures consisted of teased fragments of the mesonephi'os from 9 day 
chick embryos prepared in the usual way in chick plasma and mounted on cover- 
slips. Attention was centered on the proximal convoluted tubules. The con- 
version of the fragmented tubules in the cultures into closed tubular segments 
which become progressive!}’- distended with secreted fluid has already been de- 
scribed (2). Briefly, the closure occurs by a proliferation at the cut ends of the 
tubules vith a resulting plug of epithelial cells which becomes converted, within 
10 to 12 hours, into a single layer indistinguishable from the rest of the wall of 
the tubule. The distention of these tubular segments becomes increasingly ap- 
parent after 24 to 48 hours of incubation at body temperature. This accumula- 
tion of fluid and of phenol red has been used to test the action of various inhibiting 
and stimulating agents on Iddney secretion (.3, 4). 

Compounds A and E, obtained in crystal form, were put into aqueous solution 
as follows: Compound A was dissolved in a small quantity of absolute alcohol 
and Compound E, in a mixture of propylene glycol and alcohol. These solutions 
were then diluted -with T}T’ode solution to obtain the concentrations used in the 
experiments. According to Kendall (5) the maximum solubility of Compound A 
in distilled water is 0.3 mgm, per ml., that of Compound E is 0.1 mgm. per ml. 
The whole cortical extract, which represented 75 gi’ams of adrenal cortical tissue 
per ml. and the amoi-phous fraction which represented 150 grams per ml,, were 
received in aqueous solution. 

The controls contained the various diluents in amounts equal to those in the 
e-xperiments and were consistently excellent. The Tyrode solution contained 

* .4140(1 by a grant from the International Cancer Research Foundation, Philadelphia, 
Pennsylvania. 


138 



ADRENAL CORTICAL COMPOUNDS AND ISOLATED RENAL TUBULES 139 


sodium, potassium, calcium and magnesium chloride, and glucose; tod was 
buffered Math phosphate and carbonate to pH 7.8. In some experiments (those 
■with the whole extract and -uith Compound E) the glucose was omitted "^^dth no 
change in the results observed. However, a certain amount of glucose was 
alwaj^s present since the other ingredients of the culture medium consisted of 
whole plasma and embryonic extract. 

Attempts to render the solutions sterile were unsuccessful since it was found 
that heating or passing the solutions through bacteriological filters removed their 
potency. However, the usual aseptic precautions in the preparation of the cul- 
tures were found to be sufficient to prevent appreciable bacterial contamination 
■\\ithin the period of the experimentation. 

The cultures were exposed to prepared solutions of the extracts in three wa 3 ’^s : 
a, immersion of 48 hour cultures of the tubules for several hours in Tju’ode solution 
containing the extracts; b, addition of a drop of plasma containing the extract to 
24 or 48 hour cultures and allowing the plasma to clot; and c, mixing solutions of 
the extract -^wtli the plasma medium in which fragments of freshh’- teased proximal 
tubules were implanted for culturing. In method a, the coverslips, carrjdng the 
48 cultures, were washed for one hour in several changes of Tyrode solution 
before transferring the cultures to the solutions containing the cortical extracts. 
This was done to eliminate possible traces of adrenal cortical material which 
might be present in the tissue and in the original plasma medium. This was 
later found to be unnecessaiy and, in methods b and c, the preliminary washing 
with T 3 T’ode was omitted. 

1. Whole Cortical Extract, a. Immersioti of Tyrode washed cultures (3 experi- 
ments, each with 10 cultures). Cultures of 48 hours’ duration containing partial^’’ 
distended tubules were immersed in aqueous solutions of whole cortical extract 
in concentrations of 1 : 1000 and 1 : 10,000 in T 3 ’'rode. Control cultures were im- 
mersed in T 3 Tode alone. All the solutions contained a trace of phenol red to aid 
in demonstrating the secretory actmt 3 ^ of the tubules and also in checking the pH 
of the medium. The dishes containing the cultures were kept in an incubator at 
body temperature. At the end of 3 houis the cultures were removed from the 
solutions, remounted over depression slides and incubated for twenty hours 
further. Upon microscopic examination it was found that aU the cultures receiv- 
ing the cortical extract showed a much gi’eater distention and a higher concentra- 
tion of phenol red in the lumina of the tubules than did those of the controls. The 
two concentrations of 1:1000 and 1:10,000 under the observed conditions were 
• found to be equally effective. 

b. Addition to 48 hour cultures {2 experiments, each with 15 cultures). A drop 
of plasma containing the whole extract was superimposed on the original clot of a 
48 hour culture, the concentration of the extract being adjusted so that it would 
vaiy from 1:2000 to 1 : 10,000 in diffei*ent cultures. The exiierimental and con- 
trol cultures were then incubated for twent 5 '-four hours longer. Upon examina- 
tion it was found that the cultures containing the cortical extract showed an 
increase in acthdty of the tubular segments similar to that obseiwed in method a, 
•v\ith no observable difference in the different concentrations used. 
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c. Addition to fresh preparations {3 experiments, each vnthlo cultures), Freshlj’’ 
teased segments of kidne}' tubules were imbedded in a culture medium containing 
the whole cortical extract in concentrations of 1 : 1000, 1 : 10,000 and 1 : 100,000, 
both \\ith and TAdthout phenol red. The results agreed udth those of the previous 
experiments. The cultm-es in 1:1000 and 1:10,000 concentrations showed 
marked activity, while those in 1 : 100,000 showed less but were still more active 
than the controls. The presence of phenol red has been previousty found (6) to 
increase the secretorj^ activity of the tubules, their distention being greater than 
when phenol red is absent. In the present experiments the presence of the corti- 
cal extract was found to increase the secretor 3 ’^ activity of the tubules irrespective 
of whether the phenol red was present or absent. 

II. l-Ascorhic Acid Alone and in the Presence of Whole Cortical Extract. A few 
experiments were made to test the effect of Z-ascorbic acid on the tubular secretion 
and on the action of the cortical e.xtract. The procedure was that of method a, 
in which 48 hour cultures were thorough^ washed in Tyrode prior to experimen- 
tation. This, as preAdousty found (7), removed effective traces of Z-ascorbic acid 
present in the normal plasma clot. 

The washed cultures were divided into four lots and placed in the follovdng 
solutions all of which contained phenol red in equal amount. The first solution 
contained whole cortical extract in a concentration of 1:10,000; the second, 
Z-ascorbic acid, 1:10,000; the third, whole cortical extract 1:10,000 containing 
ascorbic acid in the same concentration; and the fourth, T 3 Tode alone, as control. 
The four groups were placed in the incubator at bod 3 ^ temperature for three hours 
and then remounted over depression slides and incubated for 24 hours longer. 
The cultures from the two solutions containing the cortical extract showed an 
equally marked distention and accumulation of phenol red in the tubular seg- 
ments. Those from the two solutions without cortical extract showed much less 
distention and less accumulation of phenol red indicating that the presence of the 
Z-ascorbic acid had no stimulating effect on tubular secretion. 

III. Kendall’s Compound E. Compound E was introduced into the cultures 
according to the same three procedures used with the whole cortical extract. 

a. Immersion of JfS hour cultures {1 experiment with 6 cultures). The cultures 
were immersed for 3 hours in T 3 Tode containing Compound E in concentrations 
of 1:100,000 and 1:500,000. After twenty hours’ incubation the tubular seg- 
ments were greatty distended with phenol red concentrated in them. The 3 ’’ had 
developed into swollen C 3 '^sts while the tubules in the controls showed normal 
distention onty. 

b. Addition to 24 and 48 hour cultures {2 experiments each with 15 cultures). 
Comparisons were made between the effect of 1 : 500,000 Compound E and of 
1:10,000 Avhole cortical extract in plasma. After 20 hours’ incubation, the tu- 
bules of cultures containing Compound E Avere found to be much more distended 
and AA-ith greater concentration of phenol red than those containing the AAdiole 
cortical extract. Both showed more secretoiy activity than the controls. 

c. Addition to fresh prepartions (S experiments, each with 18 cultures). Freshly 
teased segments of the proxfimal tubules were placed immediately into culture 
media containing phenol red and solutions of Compound E in concentrations of 
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1:600,000 and 1:1,000,000, After 30 hours of incubation the experimental cul- 
tures showed much more distention and greater concentration of phenol red than 
the controls. No difference was noted between the effect of the two concentra- 
tions. 

, r\^. KendalVs Compound A (5 experiments, each with 12 cultures). This com- 
pound was tested bj’’ aU three methods in concentrations of what was calculated 
to be from 1; 10,000 to 1:1,000,000. Concentrations up to 1:30,000 were 
definitely toxic. Slight toxicit}’’ persisted at 1 : 50,000 but below this concentra- 
tion no effect of au}’- kind was noted. 

V. KendalVs A7norphous Fraction (2 experiinents, each unthl7 cultures). This 
compound was tested by methods b and c using concentrations from 1 : 1000 to 
1 : 50,000. In concentrations up to 1 : 10,000 a slighth’- toxic effect Avas observed. 
The weaker concentrations exerted no observable effect except a tendency’’ to 
render the luminal fluid slightlj’" acid — ^pH 7.4 instead of the usual 7.8 of the nor- 
mal chick mesonephros. 

Discussion. It is of interest to note that of Kendall’s two ciystalline com- 
pounds, A and E, the secretoiy activity of the kidne5'’ tubules Avas stimulated bj^ 
Compound E AA'hile no obsei-A^able effect could be obtained AAnth Compound A. 

The significance of these results is indicated b3^ comparing them AAdth data ob- 
tained in this laboratoiy on the effect of scA'^eral adreno-cortical steroids in pei'fu- 
sion experiments of the isolated hind-limbs of the frog ( 8 ). The perfusion fluid 
AA’as a salt solution containing gelatin of a concentration sufficient!}’’ hypotonic to 
permit a progressiA^ely increasing edema of the legs. The addition of AA’hole 
cortical extract to the perfusing fluid induced a marked reduction in the edema 
formation. Similar results AA'ere obtained AAdth Kendall’s Compound A. On the 
other hand. Compound E aa'ss found to be relatKely ineffectiA'^e until its concentra- 
tion had been increased tenfold over that of the minimum effectKe concentration 
of A. Thus, the relatiA’e effectiA^eness of the tAvo ciystalline steroids in preA'^ent- 
ing fluid loss from the blood circulation is of a different order from that of the same 
compounds in enhancing renal secretion. 

It is of considerable interest that the relative effectiveness of the tAVO com- 
pounds on tAvo different types of life processes, viz., fluid transfer across vascular 
AA’alls and glandular secretory actiAdty, can be referred to their different t3’pes of 
effectiveness on metabolic processes. Compound A, AAffiich is the more efficient 
agent in diminishing loss of fluid from the blood capillaries, is knoAA-n to affect the 
metabolism of inorganic salts on AAffiich capillaiy permeability seems to depend 
(9). On the other hand. Compound E, which is the efficient agent in the renal 
secretor}^ mechanism AA’hich is intracellular, is the agent knoAATi to enhance carbo- 
h 3 'drate metabolism. 

Another significant feature is that Z-ascorbic acid AA’hich actuates cell prolifera- 
tion and groAAi;h (cf. 7) exerts no effect on renal glandular secretion. 

SUiVCMARY 

The secretoiy acth’ity of the renal pi'oximal tubules of the chick in tissue 
culture is stimulated b}^ the presence of Kendall’s whole cortical extract and of 
KendaU’s ciystalline Compound E (17-hydroxy-ll-deh3’’drocorticosterone), but 
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not appreciably by Kendall's crystalline Compound A (ll-dehydrocorticoster- 
one), or Kendall’s amorphous fraction. Likewise, Z-ascorbic acid was found to 
be ineffective. 
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It is well kno^^^l that adult h3''poph3’’sectomized rats, eating ad libitum, lose a 
large proportion of their bod3^ weight during the first few postoperative weeks. 
The weight loss is associated with, and possibty to a large extent due to, a marked 
voluntary decrease in food consumption. Lee and A3U'es (1) have reported 
that such rats not onl3’’ lose more weight than do intact animals fed the same 
amount of food (pair-fed) but also the operated animals lose a greater proportion 
of their nitrogen and water but less of their fat stores. 

Previous experiments in this laboratory (2) have demonstrated that by forcibly 
increasing the food intake of h3’-pophysectomized adult rats the body weight 
may be caused to increase aboA'e the preoperative level. The rate of gain is 
identical vdth that of pair-fed unopei-ated animals. Furthermore, providing 
an adequate food intake b3’’ tube feeding prevents the loss of serum albumin 
which uniforml3'' occurs in 113^1 oph3^sectomized rats allowed to eat ad libitum. 
These findings suggested that interesting information might be obtained b3’’ study- 
ing the changes in carcass and liver composition in h3^poph3^sectomized rats 
caused to gain weight b3’' forced feeding. 

The results of such a studv', reported in this paper, indicate that a large part, 
although not all, of the post-hypoph3’-sectom3^ changes in body and liver com- 
position are referable to the decreased caloric intake and ma3’' be prevented by 
forcing the animal to metabolize larger quantities of food. However, such a 
procedure does not restore the animals to complete metabolic normalit3'- and it 
remains evident that factors other than caloric intake must also be considered. 

Experimental. Male rats, 100 to 120 da3’^s old, were divided into four groups 
with bod3'- weights matching in the groups as nearl3' as possible. Two of the 
groups were h3^pophysectomized and the other two groups remained intact. 
Completeness of pituitar3’' gland removal was checked at autops3'' by examination 
of the sella under a high power dissectingmicroscope. In addition, testes, seminal 
vesicles and adrenal glands were weighed and the atroply^ of these organs served 
as a check on the lack of h3q3oph3’'seal secretion. The few cases in which the 
completeness of ablation was doubtful are excluded from the data reported. 

In order to estimate the changes in composition resulting from the experimental 
procedures, one group of normal rats was sacrificed and the carcasses analyzed. 
The average values obtained were assumed to represent the average composition 
of the experimental animals at the start of the experiment. 

1 Aided by a grant, administered by Dr. P. E. Smith, from the Rockefeller Foundation. 
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One group of hypoph 3 "sectomized animals was allowed to eat the stock diet ad 
libitum. For comparative purposes, the members of a group of intact rats of 
similar age and weight were subjected to a restricted food intake (stock diet) 
so that the loss of body weight simulated that lost over a like period by the 
operated animals eating the same diet ad libitum. 

The members of another gi'oup of h 3 TDoph 3 ’-sectomized rats were fed twice daily 
by stomach tube, the entire food intake being supplied in this manner. No food 
was given during the first 36 hours postoperatively because handling of the 
animals and passage of the tube immediately after operation appeared to delay 
healing of the operative wmund. To determine the effect of the liquid diet per 
se, a group of intact rats was treated exactty as were the tube-fed h 3 TDophysec- 
tomized animals except that the operative procedures were omitted. 

The method of tube feeding as well as the composition of the diets have been 
previousl 3 ’^ described (2, 3). The quantit 3 ’- of food given was the same as in 
earlier experiments, all tube-fed animals receiving the same amount of the food 
mixture. Each rat was pro\dded with approximatel 3 ’' 62 calories per da 3 L Pro- 
tein, carbohydrate and fat furnished 19, 35 and 46 per cent, respective^, of the 
total caloric intake. 

All the experiments were conducted over a three week period. At the end of 
this time the animals w'ere fasted for 18 hours and then autopsied while under 
am 3 dal anesthesia. Livers were removed and treated as described below. The 
entire gastrointestinal tract was removed and discarded after being stripped of 
mesenteric fat which w^as returned to the carcass. Adrenals, testes, seminal 
vesicles, th 3 ’Toids and kidneys were dissected out, weighed and returned to the 
carcass w’hich was then ground in a meat chopper and wmghed. Moisture w^as 
determined by diying the entire minced carcass to constant wmght at 75°C. 

The dried carcass was reground m the meat grinder and aliquots of the re- 
sulting uniform mixture were used for determination of total lipids and of total 
nitrogen. 

Total lipids w^ere determined by extraction with boiling ether. The ether 
extract w'as evaporated and the dry residue repeatedly extracted with petroleum 
ether. Insoluble material w^as removed by centrifugation or filtration, the 
solution transferred to a weighed vessel and after evaporation of the petroleum 
ether, the residue was dried to constant w^eight at 90°C. The percentage of 
total hpids w'as calculated from the w*eight of the dry residue. 

Total protein content w^as obtained by multipl 3 ^ing total nitrogen (micro- 
Kjeldahl) of the dry carcass by 6.25. It is recognized that such values are some- 
wiiat high because no deduction was made for non-protein nitrogen. 

Liver. After removal of an aliquot for lipid determination, the remainder of 
the liver was immediate^ frozen in CO 2 snow and rapidl 3 ’- w'eighed. The frozen 
liver was pulverized by use of the apparatus described by Graeser et al. (4), 
and aliquots of the resulting pow'der taken for glycogen and moisture determina- 
tion. G] 3 'cogen was determined by the method of Good, Kramer and Somogj'i 
(5). Moisture was deteimined by heating the pulverized specimen to constant 
weiglit at 90°C. - 
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The dry residue obtained from the moisture determination was powdered in 
a mortar and aliquots of the powder used for determination of protein (6.25 X 
total N obtained bj'’ the microKjeldahl procedure). 

Total lipids were determined on aliquots of the fresh liver b 3 '’ the method of 
Channon et al. (6). The chlorofonn soluble residue was repeatedly leached 
■with petroleum ether, the solution filtered and after evaporation of the petroleum 
ether the residue w^as dried to constant w^eight. 

Results. Carcass. The pertinent data concerning ages, body 'v^eights and 
carcass compositions are summarized in table 1. The hypophysectomized ani- 
mals eating ad hbitum showed the usual w’-eight loss amounting to 27.6 per cent 
of ihe initial iveight during the tluee ‘u^eek postoperative interval. The intact 
rats subjected to restricted food intake lost an almost identical proportion (27.1 
per cent) of the initial bodj'^ W'eight. 

The force-fed rats, on the other hand, gained weight, there being little differ- 
ence in this respect between normal and hypoph 3 ’^sectomized groups. It may be 


TABLE 1 

Weight and composition changes of rat carcass 



NO. 

AT AUTOPSY 

WEIGHT CHANGE 
AVERAGE 

WATER 

EAT 

PROTEIN 

UNDETER- 

MINED 



Age 

Weight 








■ 

days 

gram 

gram 

per 

cent 

per cent 

per cent 

per cent 

per cent 

Normal — Ad libitum 

B 





llliil 

BBi 



Intact — Restricted food 

n 

125-130 


-75.3 

-27.1 


6,30±0.15 

Hypsect. — ^-4d libitum 

19 

125-139 


-71.6 

-27.0 

t M IM Wi 1 

ffilSRB 1 


5.43±0.12 

Hypsect. — Force fed 

WtM 

■irsKE 

BE SHBw 

+21.2 

+20.0 

+8.8 

+8.4 

53.34±0.90 

58.97±0.61 

23.BK+1.16 


4.65±0.11 

Intact — ^Force fed 


120-146 

267.2±5.0 



5.12±0.U 



The ± values are foro-j/, calculated aa<rjf, = ‘'/xd^/n{n — 1) 


mentioned at this point that the operated animals, fed adequate amounts of 
food, are distinguishable from intact animals onb'' upon close examination. 
The roughness of the fur,’ the lack of bod 3 ’^ tone and the decreased spontaneous 
activity characteristic of hypoph 3 '-sectomized rats eating ad libitum are all 
largeb’’ prevented. 

Comparison of the anab^tical values obtained from the different groups shoivs 
that considerable changes have occurred in the relative proportions of the con- 
stituents studied. Hoivever, a more direct measure of the changes during the 
experiment may be made by comparing the carcass compositions ivhen expressed 
in terms of grams per 100 grams of initial bod 3 '’ weight. Such a comparison is 
presented in table 2. 

Our figures for untreated h 3 '’poph 3 ’'sectomized rats and undernourished intact 
rats (table 2) shoiv the same trend as do those of Lee and A 3 n’es (1). The oper- 
ated animals suffered a greater loss of "water and of protein but a smaller loss of 
fat than did the intact anirhals lYhose w’eight has decreased to the same e.xtent. 
Statistical anab’^sis of the present data, how^ever, indicates that the greater loss 
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of carcass fat by the underfed rats is significant^ (p = < 0.01) but the differences 
in loss of water and of protein between these two groups are of doubtful sig- 
nificance (p = 0.03 and 0.04, respectively). 

The changes in composition of the intact tube-fed rats are due entirely to the 
increase of the fat content from 11.59 to 18.17 grams per 100 grams initial body 
weight. The slight increase in water content is of doubtfiul signficance (p = 
0.07), and the protein content is unchanged. 

Feeding the same quantity of food to hj^ophysectomized rats also caused an 
increase in the carcass fat content. Whereas the fat stores of intact rats in- 
creased by 57 per cent those of the operated animals increased to 125 per cent 
over the initial value. The losses of body water and protein which occur in 
untreated hypophysectomized rats are largely prevented by the forced feed- 
ing, the content of these constituents being significantly greater (p = < 0.01 


TABLE 2 

Composition of rat carcasses 
Expressed as grams per 100 grams initial body weight 



h 

H w 










ss 
> ^ 

c ^ 
s 

WATER 

TAT 


PROTEIN' 

UNDETEEinXZn 


per 

cenl 

gram 

P* 

gram 

P 

gram 

P 

gram 

P 

Normal— Ad libitum 


l!Si!!!!IR 




21.00+0.22 


5.00+0.15 


Intact — Restricted food 

-27.1 

kX:S!|R 




17.06+0.58 

<0.01 

4.59+0.10 

0.10 

Hypsect.*‘“Ad libitum 

-27.6 



7.08+0.79 

26.12+1.30 


15.70+0.23 

19.01+0.30 

<0.01 

<0.01 

3.94+0.12 

5.05+0.11 

<0.01 

0.85 

Hypsect. — Force fed 

*rS.S 


Intact — Force fed 

+8.4 

04.00 i:0.97 


18.17+1.03 

IS 

20.97+0.29 

1.00 

5.57+0.14 

0.02 


The ± values are for oa/. calculated as o-jf = V^dVafn — 1) 

* P expresses the probability that the difference between the observed value and the initial value (that of the 
‘normal ad libitum” rats) is duo to random sampling. 


in each case) than in the untreated operated animals but significantly less (p = 
< 0.01 in each case) than in the intact group eating ad hbitum. 

Liver. The decrease in liver weight after removal of the hypophysis is con- 
siderably gi-eater than that of the body as a whole. The disproportionahty is 
readily seen (table 3) when one compares the liver weight, expressed as per cent 
of body weight, of normal intact rats ' (3.49 per cent) to that of hypophysec- 
tomized rats eating ad libitum (2.82 per cent). An almost identical lack of pro- 
portion between the weight loss of liver and carcass is indicated for intact rats 
restricted to an inadequate caloric intake. One may calculate from the composi- 
tion change that the slightly greater loss of weight by the livers of the operated 

- The value P expresses the probability that the difference between two means is due to 
random sampling (17). .A.lthough a probability of 0.05 (5 chances in 100 that random 
sampling is responsible for the difference) is frequently accepted as a criterion of signifi- 
cance, a more rigorous criterion, i.e., P = 0.01, appears to be more desirable when small 
numbers of observations are compared. 
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animals is due to greater, losses of water and protein. The total fat content of 
the livers of these two groups is almost identical. 

The entire loss of hver weight folloAving h 3 ’-pophysectomy is prevented by 
suppljdng an adequate food intake. The absolute liver weight as well as its 
ratio to body weight remains normal. Likevdse, the proportion of water in the 
liver remains normal. The proportion of fat is significantly increased (initial 
value, 5.23 per cent; final value, 5.98 per cent, p = < 0.01). The total liver 

TABLE 3 


Weight and composition changes of rat liver 



NO. 

> 

§g 
n o 

ii 

BODY WEIGHT 
CHANCE 

MVER 

WEIGHT 

LI\'ER 

W'EIGHT 

BODY 

vrEionr 

WATER 

FAT 

PROTEIN 

GLYCO- 

GEN 

Normal — ^Ad libitum 

Intact — Restricted food . . 

Hypseot. — ^Ad libitum 

Hypsect. — ^Force fed 

Intact — Force fed 

17 

11 

11 

11 

10 

gram 

2G0.C 

202.5 

191.6 
207.3 

268. 7 


gram 

9.20±0.65 

5.S9±0.28 

5.38±0.19 

9.40±0.47 

9.07±0.35 

gram poo 
grams 

3.49±0.12 

2.91±0.13 

2.S2±0.08 

3.52±0.16 

3.30±O.OS 

per cent 

69.G4±0.13 

70.9G±0.30 

71.85±0.43 

69.98A0.23 

69.72±0.14 



Per 

cent 

1.801‘ 

0.349t 

0.477 

0.124 

0.720 

1.260 



The A: values are iorcMt calculated as <rjif = '^2d’/n(n — 1) 
• Average of 24 rats of which 9 had not been fasted, 
t Average of IS rats fasted for 18 hours. 


TABLE 4 


Relation of organ weight to body weight 




A 


LIVER WEIGHT 

KIDNEY WEIGHT 

TESTIS -WEIGHT 

adrenal 

WEIGHT 


NO. 

BODY 




■ 










^^’EIGHT 

■ 

Weight/ 
body weight 

■ 

Weight/ 
body weight 


Weight/ 
body weight 

■ 

Weight/ 

body 

weight 



gram 

% 

dig. 

gram 

gram 

/m 

dig. 

gram 


dig. 

gram 

gram 

noo 

% 

chg. 

mgm. 

wm 

dig. 

Normal — Ad libitum.. 
Intact — Restricted 

22 

239.0 


8.07 

3.37 


1.884 

0.787 


2.618 

1.092 


32.6 

13.6 


food 

11 

202.5 


5.89 

5.38 

2.91 

2.82 

-14 

-17 

1.775 

1.134 

■ 

+11 

-24 

2.554 

1.260 

+15 

-64 

31.7 

15.6 

+15 

Hypsect. — Ad libitum. 

11 

191.0 

0.763 

0.398 

10.7 

5.6 

-59 

Hypsect. — ^Force fed. . . 

11 

267.3 

+0.5 

9.41 

3.52 

-f5 

1.351 

0.507 


0.611 

0.229 

-79 

12.8 

4.8 

-65 

Intact — ^Force fed 

10 

208.7 

+9.8 

9.07 

3.36 

0 

1,915 

0.711 

-9 

2.845 

1.059 

-3 

38.1 

14.2 

+4 


fat content, although somewhat greater (bj'- 17 per cent) than at the beginning of 
the experiment, is not increased by as gi'eat a proportion as that of the carcass 
fat (125 per cent higher than in the controls). The proportion of protein in the 
liver is significantly decreased (initial, 23.56; final, 22.22 per cent, p = 0.01) but 
it niaj^ be noted that the proportion of protein in the livers of the intact force-fed 
animals decreases to almost the same level. The total liver protein content, 
because of the slight increase in liver weight, is not significant^’' lower than at the 
beginning of the experiment and, in fact, is slightlj’" greater than in the intact 
force-fed animals. It is therefore apparent that the changes in the liver which 
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follow hypophysectomy are almost completely prevented, as are those in carcass 
composition, by pro-\dsion of an adequate supply of exogenous foodstuffs. 

The glycogen values indicated in table 3 are in agreement vith previously re- 
ported findings. The livers of hypophysectomized rats eating ad libitum con- 
tain less glycogen than do those of intact rats whose food intake is restricted. 
Similarlj’', force-fed operated animals have lower liver glj’’cogen levels than do 
intact animals fed the same quantity of food. 

The relationship of body weight to organ weight for several organs is sum- 
marized in table 4. Although the ratio of liver weight to body weight appears to 
be I’elated to the nutritive state of the animal, the ratios for the kidne 3 ’'s, testes 
and adrenals, under the present experimental conditions, indicate little or no 
dependence on whether the animal gains or loses weight. The weights of these 
organs, as well as their relation to the body weight, directl}’" reflect the presence 
or absence of hypophj^seal function. 

Discussion. Investigations of the metabolic activity of the anterior pitui- 
taiy gland have frequentlj’’ disregarded the rather severe self-imposed restriction 
of food intake which follows removal of this gland. The experiments of Lee 
and A^’res (1) demonstrated that hjqiophysectomized and intact rats, when given 
the reduced caloric intake determined bj’’ the appetite of the operated animals, 
differ in the proportion of water, protein and fat lost. It was further shown b}’’ 
Lee and Schaffer (7) that normal rats, treated with pituitary gland extracts con- 
taining growth hormone, gain more weight and deposit somewhat different pro- 
portions of bodj’- fat, protein and water than do pair-fed untreated rats. Al- 
though these and many subsequent findings (see (8) for references) have estab- 
lished the direct intervention of the anterior hypophj’-sis in metabolic processes, 
the factor of appetite cannot be entirety discounted. 

It has been shovn (2) that forcing the hypophysectomized rat to metabolize 
amounts of food approximately isocaloric mth that consumed by the intact rat 
eating ad libitum prevents the loss of body weight as well as that of serum al- 
bumin wliich ordinarily occurs after hypophysectomy (9). The present experi- 
ments demonstrate that the same procedure almost completely prevents the loss 
of carcass protein and water which occurs in the untreated hj’-pophysectomized 
rat. The loss of fat is converted into an actual increase which entirety accounts 
for the body weight gain. The liver weight is maintained and the changes in 
liver composition are almost completety abolished. 

It is therefore e\adent that if the caloric intake of the operated rats is main- 
tained at approximately that of unoperated controls, the changes in composition 
and weight of the carcass and liver which follow hj'pophj’-sectomy are not nearly 
so gi-eat as when appetite governs the amount of food eaten. This is of particu- 
lar interest with respect to protein for great emphasis has been placed on the 
considerable loss of this component in the absence of gro^\'th hormone. It is 
widely believed that after hj^pophj’-sectomy protein anabolism proceeds at a 
much slower rate than does its catabolism. However, the results of the present 
investigation indicate that if enough exogenous raw material is supplied, anabolic 
processes are sufficienth" accelerated to greatly reduce the net loss of protein. 
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The results of Samuels, Reiuecke and Ball (10) also demonstrate this point for 
in their experiments, conducted over a shorter period, the total quantity of pro- 
tein was actualty increased even though the body weight decreased slightty. 

This can not be interpreted, however, as an indication that lack of growth in 
j’-oung hypophj’^sectomized rats is onty due to lack of appetite. That this is not 
the case is shovm by the experiments of Samuels et al. (11) and also of this labora- 
toiy (12) in which jmung hj^pophysectomized rats, provided vith an adequate 
food intake bj’- force-feeding, although gaining in weight, nevertheless did not 
increase significantly in body length. In order to maintain gi'owdh after ly- 
pophysectom}’’ it is necessary to maintain many functions including a positive 
nitrogen balance. In the present experiments, using adult rats, a positive nitro- 
gen balance was not attained but the provision of an adequate food intake did 
greatly reduce the otherwise considerable nitrogen loss. 

The excessive fat deposition bj’' the force-fed h 3 q)oph 3 ’-sectomized rat is also 
of interest. Samuels, Reinecke and Ball (10), feeding a diet high in carbohydrate 
and low in fat, observed a similar, though smaller, fat deposition. These authors 
interpret their finding as being due to a combination of a rapid conversion of 
carbohydrate to fat with a coincident disturbed mobihzation or metabolism of 
the deposited fat. The fact that the total energy metabolism of these animals 
was considerabty lower, vdthout greater loss of weight, than that of other groups 
is ignored. It has been recognized, at least since 1912 (13, 14, 15, 16), that the 
metabolic rate of h 3 '’poph 3 ’’sectoinized animals is subnormal. This at least 
partiall 3 ’’ explains the greater fat deposition b 3 ’’ h 3 q)ophysectomized rats provided 
Anth a caloric intake adequate for normal animals as well as the smaller fat loss 
of h 3 ’-poph 3 '’sectomized rats eating ad hbitum than of pair-fed intact controls. 

In the experiments of Samuels et al. (10), h 3 'poph 3 '^sectomized rats fed a high 
fat and low carbolydrate diet did not deposit more carcass fat than did the 
pair-fed controls. Neither did these animals show the decreased metabolic 
rate usualb' found after removal of the pituitaiy gland. The relation between 
fat deposition and metabolic rate is, therefore, positive but the explanation of 
the normal metabolic rate of the operated animals on the high fat diet is lacking. 

It is also pertinent, in this connection, to point out that our data for liver fat 
do not agree with those of Samuels et al. (10). The liver fat values reported b 3 ’' 
these authors do not correlate Avith the carcass fat content, whereas in our ex- 
periments the liver fat leA'el in cA'eiy case definite^ reflects the carcass fat content. 

Although the present experiments establish the fact that decreased food con- 
sumption pla3^s an important role in the Aveight and composition changes noted 
after h3*poph3'sectom3’-, the3' do not in an3' wa3' disproA’e the participation of the 
h 3 'poph 3 ’sis m intennediar 3 >' metabolic processes. The A'eiy fact that the h 3 '’po- 
plysectomized animals suffers from loss of appetite shoAA's that profound meta- 
bolic changes haA'e occurred. As is well recognized, the post-h 3 'poph 3 'sectomy 
S3mdrome is potyglandular in character and the indhadual components are 
difficult to isolate. Loss of appetite maA' be a function of deficienc 3 '' of another 
of the glands effecting metabolic processes. Adequate eAudence (8) is aA’^ailable, 
hoAA'eA’er, to establish the direct inA'olA'ement of the anterior luqioplysis in such 
processes. 
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SUMMARY 

Hypophysectomized adult rats, forcibly fed quantities of food approximately 
isocaloric vitb those consumed b}'- noi’mal rats, gain instead of losing weight. 
Carcass analyses show that the large losses of protein and water occurring after 
pituitary gland removal are nearly completely prevented by giving the increased 
food intake. The actual gain in weight is due entirely to excessive fat deposition. 
Post-hyp ophysectomy changes in weight and composition of the liver are also 
nearly completely prevented but the weight losses of the kidneys, testes and 
adrenal glands are not affected by the increased food intake. 

The author wishes to acknowledge the technical assistance of Miss Dorothy 
Wangerin, Thanlcs are also due to Miss Betsy Conant and to Dr. J. H. Leathern 
for hypophysectomizing the rats used in the experiments. 
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It is kno-nn that heat production is maintained at a normal level in the absence 
of meduUaiy adrenal tissue, but the effects of loss of the cortical tissue on heat 
production are not entirel}'' clear. Most reports indicate that in mammals the 
loss of cortical hormones leads to an early decrease of the metabolic rate. The 
older literature has been reviewed by Grollman (1). Brovmell and Hartman (2) 
noted, however, that sodium salts, like other treatments (cortin, sodium factor 
and desox 3 ^corticosterone acetate) which maintained adrenalectomized dogs in 
good condition, supported a normal metabolic rate. In adi’enalectomized dogs 
maintained on cortical fractions these authors also demonstrated that the spe- 
cific dynamic effect of food is markedl 3 ’’ dela 3 ’’ed. 

Riddle and Smith (3) made a preliminary report on the effect of adrenalectom 3 ’" 
on the respiratoiy metabolism of adult pigeons. Repeated tests on 12 operated 
adults seemed to show onR a slight effect (—6 per cent) on heat production, and 
no clear effect on the respirator 3 ’' quotient. But careful autopsies made on the 
longest-lived suiadvors of that group of birds, and some additional experience, 
cast doubt on the completeness of the operation in some of the birds used in that 
series of tests. Thereafter our studies were limited to immature pigeons of a 
large breed. In these birds this operation can be performed readi^’' and com- 
pletety, and after adrenalectom 3 ’ the birds can be maintained on a salt mixture 
long enough to permit measurement of their rate of heat production. 

Methods axd jla.terials. The adrenals were removed under nembutal 
anesthesia in two operations separated b 3 ’' an interval of one week. Each adrenal 
was removed in one piece b 3 ' blunt dissection, and the completeness of every 
operation Avas checked b 3 ' histological examination of an 3 '' questionable tissue. 
Prior to the second operation each bird Avas injected AAuth 1 mgm. of desox 3 '’corti- 
costerone acetate in com oil. After this operation each bird AA’as fed, tAAUce dail 3 ’’, 
a gelatin capsule containing 0.7.5 gram NaCl and 0.125 gram NaHCOs. The 
birds used AA'ere all Cameau pigeons at 7 to 10 AA’^eeks after hatching. The aA’^erage 
time of surAUA'al of neai’ 15 '’ 150 birds thus operated AA’^as 9 days. Birds in teiminal 
stages AA’ere not used, and all measurements of heat production AA’ere made at 2.5 
to 7.5 da3’s after the second adrenal AA'as removed. 

Though one and the same bird could not be subjected to all types of tests, 
man3’’ birds Avere measured in two or more of the folloAAdng periods or states: 
before operation, fasted and not fasted; after remoAong one adi’enal, fasted and 
not fasted; after removing the second adrenal, tAV’o grades or degrees of fasting. 
In order to standardize the nutrith'e state eA'^eiy bird AA’as force-fed enough of a 
grain mixture to proA’ide its crop Avith 15 grams food (and 15 cc. of AA’ater) at a 
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kiioi\Ti number of hours preceding each test. Although 24 hours after food is 
certainl 3 ' an adequate fasting period for intact pigeons it is probably inadequate 
for ach-enalectomized pigeons. Water was Mutlilield beginning 5 hours before 
measurements, and the second capsule of the salt-mixture was omitted on da 3 ’-s 
when measurements were to follow at night. All tests were made at a tempera- 
ture of 30°C., at night, in a closed-circuit multiple-chamber apparatus, imder all 
conditions earlier described by Benedict and Riddle (4). These conditions in- 
cluded keeping the birds in a large constant temperature glass cage, at 30°C., 
from the time they were force-fed to the moment the 3 ’’ were placed in the metabo- 
lism chamber. 

The “critical temperature” for normal adult pigeons is 30°C. (4) ; it remains 
undetermined whether this is also true for a pigeon deprived of its adrenals. 
Moreover, other unpublished data (Riddle and Smith) indicate that normal 

TABLE 1 


Heat ■production {at SQ°C.) in young Carneau pigeons before operation {control) and 2.5 to 6.5 

days after removal of one adrenal only 



UNOPEB-ATED 

SAME BIEDS AETZR EEMOVIXG ONE ADEEKAE 

Number of 
birds in 
group 

Average 
calorics 
per kilo 
per hour 

Respiratory 
i quotients 

' 1 

Nurnber 
of birds 
in group 

Average 
calorics 
per kilo 
per hour 

1 

Per cent 
gam or 
loss 

Respiratory 

quotients 

Value 

Number 

Value 

Number 

Ton-basal values 

1 

7 

4.97 

0.81 

2 

7 

4.84 

-2.6 

0.79 

4 

5-12 brs. after feed- 

4 

4.62 

0.74 

2 

4 

4.99 

+Z.1 

0.89 

2 

ing 

2 

4.19 



2 

4.55 

+7.2 

0.83 

2 


Avg. 13 

4.74 

0.78 

4 

13 

4.84 

+2.2 

0.83 

8 

Basal values (24 brs. 

6 

4.39 

0.71 

4 

6 

4.35 

+0.96 

1 

0.69 

2 

after feeding) 








i 



yoimg pigeons of the breed used here produce as little heat at 25°C. as at 30°C. 
In view of the known sensitivity of adrenalectomized animals to cold, however, 
it seemed advisable to make these measurements at the upper limit of the zone of 
thermal neutrality. Heat production was calculated from the 0 X 3 ^gen consump- 
tion on the assumption that the respiratory quotients obtained were non-protein 
quotients. 

Results. Non-basal values for heat production, at 5 to 12 hours after taking 
food, were obtained from 13 birds both before and after the removal of one ad- 
renal (table 1). Tlie average values from the two groups of tests differ by only 
2.2 per cent. Values obtained on 6 birds at 24 hours after food differ ]>y only 
0.9G per cent. These data show that the removal of a single adrenal did not 
measurabl 3 ’' affect the metabolism. 

Table 2 lists te.sts made on birds after one adrenal was removed and again on 
the same (or other) birds at 3 to 8 da 3 "s after removal of the other adrenal. Non- 
basal values, at 5 to 12 hours after food, were obtained at both stages on the same 
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37 birds; the second measurements here showed an average reduction of 10.4 per 
cent, and a reduction was observed in all of the seven groups included in this test. 
The respiratoiy quotients obtained averaged 0.84 from birds with one adrenal, 
and 0.81 from birds with no adrenal. Measurements which are knovm to give 
basal values (24 hi-s. after food) for intact pigeons were obtained from 26 birds 
after one adrenal was removed, and again after removing the other adrenal; the 
latter measurements indicate an average increase in heat production of 6.9 per 
cent, and an increase was observed in all of the five groups of birds included in 
the test. Respiratoiy quotients from the two series averaged 0.70 and 0.73, 
respectivel3^ Additional measurements Avere obtained either after removing 
both adrenals (15 tests, non-basal; 24 “basal”), or after removing onl}-- one ad- 
renal (44 tests, non-basal; 18 basal), but not on identical birds at both of these 


TABLE 2 

Heat 'production at S0°C. in young Carneau pigeons after removal of one adrenal (control) 
and at 2.6 to 7.6 days after complete adrenalectomy 
After complete adrenalectomy birds were given, twice daily, gelatin capsules containing 
0.75 gram NaCl and 0.125 gram NaHCOs. 



ONE ADRENAL REMOVED 


COMPLETE ADRENALECTOMV 



Number 
of birds 
in 

group 

Average 
calories 
per kilo 
per hour 

Respiratorj’ 

quotients 

Number 
of birds 
in 

group 

Average 
calories 
per kilo 
per hour 

Per cent 
gain or 
loss 
(+, -) 

Respiratory 

quotients 




A'alue 

Number 

Non-basal (?) values (5-12 
hrs. after feeding) 

Same individuals 

37 

4.89 

0.84 

22 

37 

4.38 


1 

0.81 

26 

Different individuals. . . . 

44 

4.75 

0.83 

22 

15 

4.58 

-3.6 

0.78 

9 

Basal (?) values (24r-26 hrs. 
after feeding) 

Same individuals 

26 

4.43 


15 

26 

4.73 

+6.9 

0.73 

18 

Different individuals. . . . 

18 

4.46 


10 

24 

4.66 

+4.5 

0.73 

16 


stages. These; data from unmatched individuals in the two series of tests tend 
to confirm the results obtained on identical birds before and after complete 
adrenalectomy. 

Some data concerning the time of occurrence of the specific dynamic action 
(S.D.A.) of food Avere obtained from 6 pigeons (table 3). When these 6 bhds 
retained one adrenal their average heat production at 7 hours after food Avas 
almost as high as that for the highest group listed in table 2. WTien both 
adrenals AA^ere removed from these birds their average heat production at 7 to 8 
hours (tAvo tests) after food Avas almost as Ioav as the loAvest of comparable groups 
in table 2; at 26 hours after food, hoAA'CA'-e'r, their average heat production Avas 
'6.1 per cent higher than it AAns at 7 to 8 hours after food. Though these data 
proAude no eAudence for the complete absence of S.D.A. of food at 7 to 8 hours in 
adrenalectomized pigeons, thej'' do indicate that at 26 hours this effect Avas 6.1 
per cent greater than it AA’as at 7 to 8 hours. 
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It seems well to provide additional data which suggest that the S.D.A. of food, 
though probably spread over a longer period, temporarilj’- increases the rate of 
heat production of normal pigeons much less than it does in mammals. The data 
of table 4 were obtained over a period of five years on Carneau pigeons of the 
same age utilized in the present study. Uniformly these birds were fed 15 grams 
of mixed grain at 2 to 11 hours (or at 24 hrs. for basal values) before the measure- 
ments were started; but it should be understood that the measurements them- 
selves extended over a fm'ther period of about 6 hours and that, as always, only 
the loioest values obtained (two to four) were utilized as true measures of rate of 
heat production. This use of minimum values which check each other is indis- 
pensable in the determination of basal metabolism, but it doubtless tends to 
mask the full extent of the S.D.A. Again, for tests of the point of maximum 
S.D.A. it is perhaps desirable to use periods of measurement somewhat 
shorter than 6 hours. For these two reasons the values shoAvn in table 4 are 
probablj’’ too low but, as this was measured at all temperatures in groups of 
young Cameau pigeons, the S.D.A. of 15 grams of mixed grain was of the order of 
9 to 14 per cent. 

The rectal temperatures of 15 adrenalectomized birds were obtained at the 
conclusion of their metabolism tests. These data indicate that, foUowdng about 
30 hours at a temperature of 30°C., there was little or no change of bodj’’ tempera- 
ture as a result of the loss of the adrenals; also, there was probably no significant 
difference between body temperatures of those operated birds which were meas- 
ured at 5 to 12 hours and those measured at 24 hours after food. 

Discussion. Heat production in pigeons measured at 30'’C. has been shovm 
to change very little when measured at 2.5 to 7.5 days following removal of the 
adrenals. The direction of the change, however, was found to differ in an un- 
expected way according to whether the last food was consumed at 5 to 12 hours, 
or at 24 to 26 hours, before measurement; the supposedly “basal” values— at 24 
hours after food are about 7 per cent higher, and the values at 5 to 12 hours 
after food are 4 to 10 per cent lower, than in birds still possessing one adrenal. 
This confusing result at first appears to support the paradox of a “basal” heat 
production (4.73 Cal./kUo/hr^for 26 tests) definitely higher than the non-basal 
value (4.38 Cal./kilo/hi’. for 37 tests) . We should now consider the probability 
that this anomalous result is a consequence of a delay of the specific dynamic 
effect of food in the absence of the adrenals. 

A decreased rate of absorption of glucose from the intestine of adrenalectomized 
rats (5), and some ability of cortin to restore the rate of absorption (6), have been 
reported and confirmed. It also seems to have been established (7, 8) that the 
rate of absorption of longer chain fatty acids is decreased in adrenalectomized 
rats. Brovmell and Hartman (2) observed in adrenalectomized dogs maintained 
on cortical fractions a marked decrease in the rate of development of the S.D.A. 
of ingested dextrose, protein and fat. In the normal dog the high point in the 
metabolism after 40 grams of dextrose was attained after 20 minutes, but this 
point was reached only after 5 or more hours in an extract-maintained adrenalec- 
tomized dog; for protein the time of maximum effect was delayed from 45 minutes 
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to 2 hours. The authors attributed this delaj’' partly to a decreased rate of 
absorption and partly to a disturbance in the rate of conversion of dextrose to 
glycogen in the absence of the adrenals. This same interpretation seems appli- 
cable to the results obtained in the present study; and indeed it would seem to be 
applicable in an emphatic form, since our birds were maintained on salts instead 
of cortical hormone. The complete digestion and absorption of grain in normal 
pigeons probably requires a period of 10 to 19 hours; and, in some pigeons, as 
much as 20 to 24 hours is required to obtain a respiratory quotient of approxi- 
mately 0.72 (4). Delayed digestion, absorption and gl3’'cogenesis in adrenalec- 
toniized pigeons might therefore lead to a specific dynamic effect at 24 hours after 
feeding and also reduce or prevent this effect at 5 to 12 hours after feeding. This 
situation was only partly appreciated, however, while the tests were being con- 
ducted. Both the apparent increase (6.9 per cent) in the equivocal “basal” heat 
production, and the decrease (10.4 per cent) in the dubious “non-basal” heat 
production, resulting from removal of the second adrenal, would seem to have this 

TABLE 3 


Data from G pigeons for heat production (at 30°C.) after removing one and both adrenals, and 
at various periods after food when completely adrenalectomized 


CONDITION OF BIRDS j 

HOURS 

CAtORIES 
PER KILO 

RESPIRATORY QUOTIENTS 

AFTER FOOD 

PER HOUR I 

Value 

Number 

One adrenal removed 

7 

5.08 


1 

Both adrenals removed 

7 

4.11 


4 

Both adrenals removed 

8 

4.26 

0.80 

4 

Both adrenals removed 

26 

4.44 

0.75 

4 




same simple explanation. In other words, the length of fast necessary for basal 
measurements in normal pigeons is not applicable to adrenalectomized pigeons. 
The several heat production values obtained, in addition to the direct tests of this 
point on 6 birds listed in table 3, tend to support this interpretation. Values 
obtained from completely adrenalectomized birds fasted 5 to 12 hours (4.38 and 
4.58 Cal.) are clearlj'' equivalent to average values from birds possessing one or 
both adrenals but fasted 24 hours (4.25, 4.35, 4.39, 4.43 and 4.46 Cal.); 
values from completely adrenalectomized birds fasted 24 hours (4.73, 4.66 Cal.) 
are close equivalents of average values from groups of birds having one or both 
adrenals but measured at 5 to 12 hours after feeding (4.74, 4,84, 4.89 and 4.75 
Cal.). 

The average daily food consumption of 12 birds was measured for 10 days fol- 
lowing complete adrenalectomy and found to be only 7 grams. Unoperated con- 
trols consumed 31 to 35 grams daily. This marked reduction of food intake 
during a period of five days — the average time between complete operation and 
measurement — ^would be expected to produce a reduction of the metabolic rate. 
The daily water intake (120 cc.), however, due to salt effect, was double the usual 
quantity and this doubtless involved an increased expenditure of energy. The 
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body weight of several of these birds was found to show an average decrease of 
about 1 per cent per day following removal of the second adrenal (9). Tliis 
suggests that all of the adrenalectomized birds may have been burning some of 
their own bod}’’ protein at the time then* heat production was measured. The 
special feeding of 15 grams of grain at 24 or at 5 to 12 hours before the metabolism 
tests may or may not have tended to spare this body protein. But if body pro- 
tein was being burned, and particularly if it was being burned by the operated 
birds to an unequal extent at the two periods of fasting, that fact is of considerable 
significance. In that case any interpretation of the respiratory quotients be- 
comes doubtful, and our use of them as non-protein quotients in calculating the 
caloric value of oxygen might involve an error of 5 to 10 per cent. Some of the 
values shown for adrenalectomized birds would then be too large by that amount. 

TABLE 4 

Heat production in normal young Carneau pigeons in the post-absorptive state (24 hrs. after 
food) compared with that of the same or similar birds at 2-11 lioxirs after eonsuming 15 

grams of mixed grain 


Measurements made at various temperatures, and respiratory quotients obtained in 
one-half of all tests. 


TEirPErRATURE 

24 HOURS AFTER FOOD | 

2-11 nOHES AFTER FOOD 

Number 
of birds 

Average 

Number 
of birds 

Average 

Per cent 
increase 
(S.D.A.) 

Calorics 
per kilo 
per hour 

R.Q. 1 

1 

Calories I 
1 per kilo 
per hour j 

R.Q. 

“C. 

! 

j 






30 

128 

4.25 ! 

0.72 

162 

4.79 

0.82 

-fl3.1 

25 

21 

4.29 

0.71 

20 

4.68 

0.81 

-i-9.1 

20 

28 

4.56 

0.73 

26 

5.19 

0.93 

-fl3.7 

15 

15 

4.75 

0.73 

4 

1 

5.31 

0.88 

4-11.8 


The respiratory quotients obtained from adrenalectomized birds at the two 
periods after feeding seem opposed to the interpretation discussed above. It has 
been noted, however, that these quotients can not protdde positive evidence on 
the point in question because of basic uncertainties involved in such quotients, 
and because these values were obtained from birds without adrenals and main- 
tained without cortical hormone. Fisher (10) showed that 42 to 50 per cent of 
nitrogen ingested by normal homer pigeons Is excreted as uric acid; also that 
approximately 24 hours elapse between the. ingestion of food nitrogen and the 
excretion of the corresponding uric acid. Henry, Magee and Reid (11) noted 
that in fowls quotients lower than 0.70 resulted from the oxidation of protein. 
Their calculations further showed that the oxidation of the amino acid, alanine, 
to uiea gi\es a quotient of 0.833, but when the end product is uric acid the quo- 
tient is 0.6G7. 

I he foregoing data show that in adrenalectomized pigeons truly basal heat 
pi eduction can not be obtained at the same period of fasting which it is necessary 
to use for intact animals. Probably this applies also to mammals. The present 
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instance moreover suggests that the removal of such organs as adrenals, thyi-oids 
and hypophysis may markedly change both the zone of thermal neutrality of the 
animal and the amount of time wliich must elapse between the taking of food and 
the attainment of the post-absorptive state. 

The results of this studj'' are in agreement vdth those of Brovmell and Hartman 
who reported that an 3 ’- treatment — ^including sodium salts — ^Avhich maintains an 
adi-enalectomized dog in good condition also supports a normal metabolic rate' 

CONCLUSIONS 

The heat iiroduction at 30°C. of 102 salt-maintained 3 ’'Oung pigeons at 2.5 to 
7.5 daj'S after complete adrenalectom}', and not in terminal stages, showed little 
or no change directty due to loss of adrenal hormones. Since adrenalectoni}’" was 
found to alter the conditions under which liasal measurements must be made, 
trulj'- basal values were probably not obtained. The metabolism of the operated 
birds was probably nearl}^ basal at 5 to 12 hours after food, but apparent!}' a spe- 
cific dynamic effect was obtained at 24 hours after the ingestion of food. 

Small indirect effects on heat production, apparentl}'^ associated with delayed 
absorption and specific djmamic effect of food, were observed. Onlj' when these 
indirect effects are overlooked do the results seem to indicate a parado.xical de- 
crease of 4 to 10 per cent in o.xj^gen consumption at 5 to 12 hours, and an increase 
of 5 to 7 per cent at 24 hours, after the ingestion of 15 grams of food. 
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Sulfanilamide and acetylsulfanilamide are excreted bj’’ the kidneys of some 
animals by different mechanisms. In both the rabbit and the dog sulfanilamide 
is apparently filtered through the glomei’uli and partially reabsorbed from the 
glomerular filtrate as it passes do\m the tubules (1,2). On the other hand, avail- 
able evidence indicates that acetylsulfanilamide is excreted by the rabbit kidne}’’ 
solely by glomerular filtration (2). This made it appear desirable to study the 
excretion of these compounds by the human kidne 5 ^ 

In the present study the clearance method was used to determine the mode of 
excretion of sulfanilamide and acetylsulfanilamide in human subjects. Renal 
clearance determinations of these two compounds were made simultaneously vith 
inulin in an unselected group of adults. The group included not only those hav- 
ing normal kidney function but also several who had definitely decreased kidney 
function so that a Mde range of clearance values was obtained. 

Method.s. Each subject was given 1500 cc. of water to drink during the two 
hours preceding the test. This produced a urine flow of from 2 to 12 cc. per 
minute during the test. A catheter having two separate lumina throughout its 
entire length (one for inflow and one for outflow) was inserted in the urinary 
bladder. It remained there throughout the test. An irrigation apparatus was 
attached to the inflow channel of the catheter and by means of this, complete 
urine collections were obtained by irrigating the bladder vdth measured volumes 
of physiological sahne at the end of each clearance period. The urine excreted 
plus the irrigation fluid was collected through the second channel of the catheter. 
Pre.ssure was applied with the hand on the lower anterior abdominal wall to insure 
complete emptying of the bladder. Experiments showed that all of the irrigation 
solution could be recovered from the bladder. 

Sulfanilamide was administered orally. The dose of this compound varied 
from three to five gi’ams and was given three houi-s before the clearance periods 
were started. In a few cases acetylsulfanilamide was administered orally to the 
subjects in doses of from 3 to G grams and was given four hours preceding the test. 
The plasma concentrations of sulfanilamide and acetylsulfanilamide which were 
obtained during the tests varied from 1 to 15 mgm. per cent and from 1 to 5 mgm. 

‘ This study was made in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy by T. A. Loomis. 

- This investigation was aided by a grant from the Junior Board of the Buffalo General 
Hospital. 
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per cent respectiveljL Inulin® was administered intravenously. A 10 per cent 
stock solution of inulin was added to pju'ogen-free physiological saline so that the 
final concentration was 1 gram per 100 cc. In order to obtain the proper plasma 
concentration of inului (which varied in the series from 10 to 60 mgm. per cent) 
the solution was allowed to run into the vein the drip method at a rate of 10 
to 15 cc. per minute for a period of fifteen minutes before the test was started. 
Following this the rate was maintained at about 3 cc. per minute during the 
experiment. 

Folio ving the period of rapid infusion the clearance tests were started. Tlie 
bladder was washed with 200 cc. of physiological saline solution and the washings 
were discarded. In exactlj'' fifteen minutes the bladder was washed again with 
exactl}'^ 200 cc. of the saline solution and the washings were added to the urine 
formed during the fifteen minute period. The urine bottle was then replaced 
with a second bottle, and at the end of the subsequent fifteen minute period the 
bladder washing procedure was repeated. Four similar clearance periods were 
obtained on each subject. At the midpoint of each period a sample of venous 
blood was taken. Although potassium o.xalate ^\■as used in a few of the cases, 
heparin was the anticoagulant usuall.y employed. The blood samples were cen- 
trifuged immediately and the plasma separated from the cells. 

Both the plasma and urine samples were analj’^zed by the same methods follow- 
ing protein precipitation by the use of Somogjd’s zinc sulfate and sodium hydrox- 
ide precipitating agents (3). The method used for the determination of sulfanil- 
amide and acetylsulfanilamide was that developed by Bratton and Marshall (4). 
Inulin was deteimined bj’’ the method described by Hubbard and Loomis (5). 
Experiment showed that recoveries of the added compounds from plasma and 
urine follomng the use of the zinc precipitating agents were equal to those ob- 
tained when either trichloracetic acid or phosphotungstic acid was used. Further- 
more the presence of these compounds in a common filtrate did not interfere ivith 
the determination of any one of them. 

The maximum clearance formula, UV /P, in which U and P repre.sent the urme 
and plasma concentrations respectively and V the urine flow in cubic centime- 
ters per minute, was used for the calculation of the clearances. In most of the 
cases the urine flow was greater than 2 cc. per minute. 

3 Pfanstiehl’s C. P. inulin was treated with Norit charcoal, recrystallized twice from alco- 
hol, dissolved in pyrogen-free distilled water and filtered while hot through a Seitz E. K. 
filter. A 10 per cent solution of the compound was stored in two-ounce bottles which had 
rubber diaphragm stoppers. The solution was biologically tested for the presence of pyro- 
gens bj-- the following procedure: Samples of the solution were administered by vein to rab- 
bits in one dose equal to ten times the amount which was received by the humans per kilo- 
gram of weight. Rectal temperatures were taken every fifteen minutes for one hour pre- 
vious to the injection and for three hours following the injection. An increase in rectal 
temperature of more than 2 degrees C. witliin the three hour period was taken as evidence 
of the presence of a pyrogen in the solution. Solutions which showed pyrogen activity 
were discarded. In the human subjects rectal temperatures were taken before and after the 
clearances were determined. In no case did a subject show evidence that the infusion solu- 
tions contained a pyrogenj 
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Results. A total of 82 simultaneous clearance periods of sulfanilamide, 
acetjdsulfanilamide and inulin were obtained on 21 different subjects. The 
series included 17 females and 4 males. Simultaneous clearances of inulin and 
acetylsulfanilamide were obtained on an additional 4 subjects (2 males and 2 
females) making a total of 90 .simultaneous clearances of these two compounds. 
Statistical analysis of the data is presented in table 1. The ratios between the 
means of the various clearances ai-e given in table 2. The clearances of the com- 
pounds which were studied were found to be relatively independent of the urine 
flow. This is .shown in figure 1. Since the .series of subjects includes some with 
decreased kidney function, the mean clearances which are presented in table 1 
do not represent an average for normals. In those subjects who showed no clini- 
cal evidence of kidne3^ deflcienc}^ the mean clearances of inulin, sulfanilamide and 



Fig. 1. Relation between clearance and urine flow. Each point represents the mean of' 
from 5 to 25 clearance determinations. 

acetylsulfanilamide were, respective!}’, 47.61, 19.32 and 48.21 cc. per minute per 
square meter of body surface area. 

Discussion. Marshall and associates (1) have conducted experiments which 
indicate that sulfanilamide is filterable through the glomerular membrane and 
these experiments have been confirmed in this lavoratory. However there is 
some evidence that about 20 per cent of the sulfanilamide present in plasma is 
bound to the plasma proteins (6, 7). This might not be available for filtra- 
tion through the glomerular membrane; however, the difference between the 
clearances of inulin (46.54) and sulfanilamide (19.06) is too great to be explained 
by the presence of a n on-filterable fraction of such a magnitude. The clearance 
of inulin is generally accepted as a measure of the glomerular filtration rate. 
Since the clearance of sulfanilamide is onl}’- 0,45 times as great as tliat of inulin, 
it may be concluded that part of the sulfanilamide which appears in the glomeru- 
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lar filtrate is reabsorbed through the Iddnej’" tubule. Thus sulfanilamide may be 
said to be excreted by the kidnej” bj^' glomenilar filtration plus tubular reabsorp- 
tion. Tliese results are in accord with those obtained b}^ IMarshall and associates 
on dogs (1), bj' this laboratoiy on rabbits (2), and bj^ Stewart and collaborators 
on human subjects (8). Since the clearance of this compound was found to be 
independent of its plasma concentration it may be concluded, and maj^ be shown, 
that its rate of excretion increases with increased plasma concentration. 

Most of the acetylsulfanilamide clearances are based on the determination of 
the compound formed in the body following the administration of sulfanilamide. 
However, in some cases acetylsulfanilamide was administered, and it was found 


TABLE 1 

Statistical results of simultaneous clearance determinations 


COifPOITND 

CLEARANCE 

BEBIODS 

SUBJECTS 

iTEAN CLEARANCE* 
AND P.E. or MEAN 

STANDARD 

deviation 

Inulin 

96 

25 

46.54 rfc 1.63 

21.06 

Sulfanilamide 

82 

21 

19.06 ± 0.63 

7.36 

Acetylsulfanilamide 

96 

25 

47.95 ± 1.88 

24.35 


* Mean clearance (UV/P) per square meter of body.surface area. 


TABLE 2 

Comparison of simultaneous clearance determinations 


COMPOUNDS COMPARED 

NUMBER OF 
PERIODS 

MEAN DIFFERENCE 

p.E. OF Dirr. 

RATIO, OF MEANS 

Sulfanilamide 

82 

15.70 

0.45 

Inulin 

Acetylsulfanilamide 

96 

1 

0.57 

1.03 

Inulin 

Sulfanilamide 

82 

14.51 

0.39 

Acetylsulfanilamide 



following the administration of this compound to some of the subjects that from 
1 to 3 mgm. per cent of the free compound Avas present in the plasma. In these 
cases the clearances of either sulfanilamide or acetjdsulfanilamide were essentially 
the same Avhether the determination Avas made on the pre-formed compound or 
on that formed in the body. 

Experiments haA’^e been reported in a previous paper AAhich indicate that acetyl- 
sulfanilamide aatII pass through the glomerular membrane (2). It has also been 
shoAAm ly both in vivo (9) and in vitro (10) experiments on rats and rabbits that 
suKanilamide is not conjugated by the kidney of these animals. Only inferential 
eAudence is yet aAmilable to indicate that the human kidney is not able to conju- 
gate sulfanilamide. 

Evidence was obtained in this study Avhich indicates that sulfanilamide is not 
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conjugated by the human kidney as it is being excreted. In tn'o of the subjects 
only traces of the free compound were found in the blood following the administra- 
tion of acet 3 ’’]sulfanilamide -which was shown to be free of sulfanilamide. In 
these two subjects the clearance of acetjdsulfanilamide was determined when sul- 
fanilamide was almost completely absent. The clearances were then repeated 
on the same subjects on different days following the administration of sulfanila- 
mide alone. The clearances of acetjdsulfanilamide in these cases were found to be 
almost identical either in the presence or absence of sulfanilamide. These experi- 
ments indicate that sulfanilamide is not acetylated by the human kidney as it is 
being excreted, otherwise the clearance of acetylsulfanilamide would be expected 
to be greater in the presence of free sulfanilamide than in its absence. 

The mean clearance of acetylsulfanilamide (47.95 ± 1.88) in the entire series 
was found to be almost identical to that of inulin (46.54 ± 1 .63) . The clearances 
of both compounds showed approximately the same variation. However, these 
variations were not parallel. The arithmetical average of the differences between 
the two clearances was 20.6 cc. per minute per square meter of bodj^ surface. 
Seven of the twentj^'-five subjects showed identical values by both tests. Tlie 
cause of the rathei- marked differences in the clearances of the two compounds 
shonm bj’- the other subjects could not be determined. Since the acetjdsulfanila- 
mide clearance in some cases was higher and in others lower than that of inulin, 
no adequate physiological e.xplanation can be given. It appears that other 
factors than glomerular filtration may have influenced the excretion, or the 
measurement of the excretion, of one or both of these compounds. The other 
possible phj'^siological factors would be tubular excretion or tubular reabsoiption 
of the compounds. The sjmthesis of acetylsulfanilamide by the kidney appears 
to be excluded by the data cited above. 

SUJIMARY AND COXCLUSIOXS 

1. Simultaneous clearance tests of sulfanilamide, acetylsulfanilamide and 
inulin were made on a series of unselected human subjects and the data were 
anatysed statistically. 

2. The mean clearance of sulfanilamide was found to be 0.45 times as great as 
the mean clearance of inulin in 82 deteiminations. This result was interpreted as 
meaning that sulfanilamide is excreted by the human kidney by glomendar 
filtration plus tubular reabsorption. 

3. The mean clearance of acetylsulfanilamide was found to be almost identical 
with that of inulin in 95 deteiminations. However in individual cases the clear- 
ances of these two compounds were not always identical, but the degree of varia- 
tions of these clearances ivere nearly the same. 

4. The clearances of sulfanilamide, acetylsulfanilamide and inulin were found 
to be independent of the urine flow, 
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The suspension of certain animals in the vertical position, "with the head up, 
causes a decreased breathing rate followed by unconsciousness or fainting (syn- 
cope). This was demonstrated by Hall (1832) in dogs, and by Regnard (1868) 
and Salathe (1877) in rabbits. Hill (1895) studied the condition experimentallj’' 
in dogs, cats, rabbits and monkeys, and found also a decreased blood pressure. 
He concluded that failure of the splanclinic vasomotor mechanism to compensate 
for’the effect of gravity on the circulation caused “cerebral anemia or sjoicope 
or shock.” More recently Mayerson (1942) has reported on similar results from 
the suspension of dogs and has, ref erred to the conditions resulting' from sus- 
pension as “gravity shock.” 

Studies have been made on the blood of rabbits before and during gravity 
shock to identify the physiological and chemical changes wlrich occur in the 
animals, especially those in the blood. (Cf. preliminary report by Allison, Cole, 
Leathern, Nastuk and Anderson, 1943.) 

jN'Iaterial and jiethods. Common domestic rabbits of about the same age 
and size (from 2 to 3 kgm. in weight) were used. In the first series of experiments 
the blood of rabbits fed ad liliium <ya Purina rabbit chow was analyzed for 
various factors to establish', “normal” or control values. One or two weeks later 
the same animals were suspended vertically, head up, without anesthesia, until 
they became unconscious. The period of suspension varied from 20 to 120 
minutes, averaging 80, during which time regular breathing continued. The 
animals seldom struggled or showed .signs- of distress yintil just before becoming- 
unconscious, when general contractions of skeletal muscles often occurred. Un- 
consciousness Avas recognized by the disappearance of all exterio-ceptive re- 
flexes, by maximum dilatation of the iris and by relaxation of skeletal muscles. 
The rabbits were then returned to the horizontal position and the analyses were 
repeated. A second series of experiments was done similarly on rabbits from 
wliich all food had been witliheld for 24 hours previous to the analyses. A 
third series was carried out on fed animals by analyzing the blood of a normal 
rabbit and then immediately subjecting the animal to gi’a\dty shock and re- 
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TABLE 1 

Data — averages and limits— on blood and plasma of control rabbits and those in gravity shock 
The averages are from 1 to 4 determinations on each animal. TIjc number of individual 
animals in each group is given in the column “n".. All animals were fed ad libitum on Purina 
rabbit chovs'. ; , 


FACTOR 


Rectal temp., "C. 
Limits 


FF.D AKIUALS 


28! 


Blood 

Hematocrit I 29 

Limits 

RBC, mil., emrn | 26 

Limits 


WBC. thous./emm. 
Limits 


Arterial Os, vol. %. 
Limits 


Venous COs, vol. 9c 
Limit.® 


PJI ; 

Limit.® 

Lactic acid. mgm. 9c--- 
Limits 

Pyruvic acid. mgm. %. 
Limits 


20 


15 


Venous O 3 . vol . 9t i / 

Limits . S 

I 

.\rtcrial C'O-.-, vol. 9c | 16 

Limits * ! 


Control 


i 16 


15 


Total keto acids, mgm. 9o • -- | 
Limits i 

Plasma j 

Spec, gravity | 30 

Limits ! 


Glucose, mgm. 9c | 33 

Limits ! 


39.6 
39.l-40.3i 


42.2 

•35.7-48.1 

.5.71 

4.6-45.9 

8.90 

5.2-21.4 

15.0 

8 . 1 - 20.2 

8.7 

4. . 5 - 12 . 3 

35.2 

21 .8- 50.3 

47.2 

37.9- .59.5i 

7.33 
7. 31-7. .37 

58 

31-94 

3.3 

1. 8-5.0 

3.4 

2. .5-4.8 


1.02.5.54 

223-302 

152 

100-202 


24 


24 


2.3 


23 


161 


Shocked 


16 


II 


99 


21 


20 : 


10 ! 


24 




40.3 

.38.7-41.8 


43.7 
.33.6-58.01 

5.84 

4. 7- 7. 6 

8.47 

4.7- 16.2 

14.8 

10.3-18.4 

3.8 

1.6-4. 9 
15.4 

8.9-23.6 

30.1 

20.7- 40.3 
7.12 

6.81-7.28 

175 

77-282 

4.9 

2. 1-6.9 
5.0 

2 . 8 - 6. 7 


1 . 02577 
232-292 

427 

112-872 


SOT FED FOR 24 HOVSS 


B 

11 

11 

10 

10 


11 


11 


14 


Control 


39.1 
38.8-39,51 


.38.6 

34. 2- 41.6! 

5.39 

4.8- 6. 2 

5.34 

4.8- 18.2 

13.7 

11.2- 15.7 
7.2 

2. 9- 9. 9 
.32.1 

27. 0-40.. 5 

43.9 i 
.37.6-.50.6i 

i 

7.34 

7..31-7..37i 

43 

11-64 

3.7 

1 . 6 - 6.0 
3.7 

1. 9- 6.0 


1 .02501 
223-285 

115 

71-140 


11 


11 


11 


11 


10 


11 


12 


Shocked 


.39.5 

38.4-41.3 


35.1-51.4 

6.07 

5. 2- 6. 9 

6.13 

5.2- S.9 

15.0 

13.2- 18.8 

3.1 

0.5-4. 9 

14.0 

10.9-21.2 

27.0 

23.4-32.3 

7.01 

6. 89-7. II 
116 

54-24S 

4.8 

2 . 6 - 6. 8 

5.0 

3.0-6. 9 


1,02522 

221-286 

74 

40-125 
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TABLE 1 — Concluded 


.TACTOK 

- PED ANISIALS 

j NOT FED TOR 24 HOOKS 

n 

Control ' 

B 


fl 

Control 

1 ^ 

Shocked 

Plasma — Continued 

Protein, cm. % 

23 

6.18 

24 

5.72 

10 

6.37 

6 

6.79 

Limits. .'. ; 

5.4— 7.0 

4. 8-7.0 

5. 8-7. 2 


6. 2-7. 7 

NPN, mem. % 

19 

35.5 

23 

47.5 

10 

39.5 

10 

60.2 

Limits 

21.0-56.0 

32.1-67.1 

27.0-50.0 

35-110 

Na, mM/1 

16 

138 

19 

131 

11 

133 

11 

135 

Limits 

122-144 

129-151 

125-136 

122-150 

Ca, mM/1 

19 

3.84 

20 

3.90 

11 

3.. 39 

11 

3.19 

Limits 

2. 6-5.0 


3. 0-3. 9 

2. 6-3. 9 

K, niM/I 

17 

5.28 

20 

5.84 

11 

4.88 

11 

7. 15 

Limits 1 

3. 9-6. 6 

4. 2-7.0 

4.4-5. 1 

5.3-12.2 

Cl, inM/I.. . 

30 

104 

24 

96 

11 

105 

11 

104 

Limits 


84-110 

78-110 

92-112 

92-111 

PO^, mj\'I/l 


1.86 

1 

1 

S 

4.51 

4 

1.95 

4 

3.89 

Limits ■ 


1.06-2.. 32 


1.68-7.93 


1.84-2.06 

2.58-5.29 







peating tlie analyses. The results of the tliircl and first series were combined, 
since they were the same. The factors studied '^^■ere: respiratory rate, rectal 
temperature, hematocrit, red and wliite cell counts, pH of blood and the content 
of oxygen, carbon dioxide, glucose, lactic acid and keto acids in the blood; the 
specific gi’avity of plasma arid the content of sodium, potassium, calcium, chlo- 
ride, protein, non -protein nitrogen and inorganic phosphate in the plasma. In 
a few cases arterial blood pressure was measured in the femoral artery b 3 '^ means 
of the glass capsule manometer (Anderson, 1940-41). 

Blood samples for all determinations except pH and blood gases were taken bj^ 
right and left heart puncture Anth a S3n-inge containing heparin. Without re- 
moving the needle from the heart a .second sample ivas withdraAvn into another 
S3Tinge containing oil but no heparin, for determinations of pH, carbon dio.xide 
and oxygen. Aliquots of the heparinized blood Avere transfened immediatefv to 
precipitating fluids for determinations of lactic and keto acids, and to appropriate 
Amssels for determinations of hematocrit and cell counts. The remainder of the 
AA^hoIe blood AA'as centrifuged for several minutes and the plasma collected for the 
other, analyses. . 

The hematocrit AA'as measured according to the technique of Wintrobe (1929), 
and the cell counts AA'ere made according to Todd and Sanford (1943). The pH 
was measured AA'ith a Beckman pH meter using a glass electrode at 29° i 1.0°C. 
The readings AA^ere corrected to 38°C., using an experimentall3’' determined factor. 














168 COLE, ALHSON, MURKAY, ROYDEX, AXDERSOX AXD LEATHEM 

The correction Avas negligible beloAV a pH of 7.2. Whole blood oxygen and 
carbon dioxide were analyzed in the manometric apparatus according to the 
methods of Yaxi Slyke and Keill (1924); whole blood lactate by the colorimetric 
method of Mendel and Gold.scheider (1925), or that of Barker and Summerson 
(1941)'; piYUvate and total koto acids bj' the method of Lu (1939) using larger 
samples as recommended by Bueding and Wortis (1940). The specific gravity 
of plasma was measured by the falling drop method of Barbour and Hamilton 
(1926); the plasma glucose by the method of Folin and Wu as modified by Andes 
and Northup (1938-39); plasma non-protein nitrogen and total nitrogen by the 
Pregl micro-Kjeldahl method; plasma calcium by the Clark and Collip (1925) 
, modification of the Tisdall method ; plasma potassium b}’’ the colorimetric method 
of Shohl and Bennett (1928); plasma sodium by the ui-anyl zinc acetate method 
of Butler and Tuthill (1931); plasma chloride by the mercurimetric method of 
Schales and Schales (1941); and plasma inorganic ])hosphorus according to the 
method of Fiske and Subbarow (1925). Bladder urine flow was measured by 
means of cathetei'lzation. 

Result.s. Gerwal clinical symptoms. Rabbits held in a vertical position, 
head up, without anesthesia became unconscious in from 20 to 120 minutes de- 
pending upon age, physiological condition and psychological state. Young, well 
nourished, healthy and calm rabbits were less susceptii)lc to grarity shock than 
old, poorly nourished, unhealthy and excitable ones. Immediately after .sus- 
pension Die shallo^^' rapid breathing of control animals became deeper and slou'er 
until a nearly constant rate of about 75 per minute was attained, continuing 
until unconsciousness. At that time the rale declined rapidly and breathing 
stopped entirely unless the animal was returned to the horizontal position. The 
blood pressure decreased gradually from around 100 to 30 mm. Hg. The size 
of the femoral vein was .smaller, and the color lighter, than normal, indicating 
a decreased venous return. Rectal temperature increased from an average of 
39.5 to 40.1°C. Urine flow was markedly reduced, being .suppressed entirely 
in some animals. When the animals were rettimed to the horizontal ])Osition 
they immediately began to recover, as recognized by an increased breathing 
rate, and within 20 minutes the}’ were similar to the control rabbits in pos- 
ture, ])ut appeared to be tired for an hour or more after that. About 30 
per cent of them never recovered normal behavior and died from 2 to 24 
hours after return to the horizontal position. Autopsies on the animals wMch 
died revealed some congestion of blood ve.'^sels in the viscera, slight enlargement 
of the adrenal glands and whole or part of the .spleen, although no measurements 
were made. The brain Avas not examined. No edema Avas present nor Avere 
gross lesions seen. 

Specific chejniml changes. As shown in table I scA'eral marked changes ap- 
peared in the blood as a result of gra\dty shock. The most striking change, 
common to all the animals, aaus the fall in pH from an average of 7.33 to nearl}' 
7.00. The majority of animals \A-ith a blood pH beloAv 7.0 died soon after shock 
or Avithin 24 houns afterward. This shift in the acid-base equilibrium is accom- 
panied by a decrease in carbon dioxide and by increa.ses in lactate, phosphate, 
pyniA'ate, pota.s.sium and non-protein nitrogen. 



169 


COMPOSITIOX OF THE BLOOD OF RABBITS IX GRAVITY SHOCK 

■ The oiily outstanding difference between the animals fed and those without 
food for 24 hours was in the concentration of the plasma glucose. During 
gi-avity shock, the average iilasma glucose increased from 152 to 427 mgm. per 
cent in the fed animals, whereas it decreased from an average of 115 to 74 mgm. 
per cent in the starved i-abbits. 

The average oxygen content of all animals was not altered in the arterial 
blood (14,8 vol. per cent) but was reduced in the venous blood from 8.0 to 3.5 
Amlumes per cent dining gravity shock. Thus the difference between the oxygen 
content of arterial and venous blood was much greater in the animals in shock 
than in the controls. The average arterio-venous differences before and during 
shock were 6.4 and 11.7 respcctivehL 

The carbon dioxide content was decreased in arterial and venous blood from 
33.7 to 14.7 and from 45,6 to 28.6 volumes per cent respectivelj'. 

The lactate increased from 58 to 175 mgm. per cent in the fed animals and 
from 43 to 116 mgm. per cent in the starved animals. Pyruvate increased from 
about 3.5 to 4.8 mgm. per cent in both fed and starved animals. The total • 
keto acids, expressed as pj-ruvate, showed the same concentrations as p.yru- 
vate, proving that no other acid of that tj'pe ivas present. 

The non-protein nitrogen increased in both fed and starved animals from 35.5 
to 47,5 and from 39.5 to 60.2 mgm. per cent re.spectively. The plasma inorganic 
pho.sphate increased from 1.86 to 4.51 and from 1.95 to 3.89 niM per litei' in fed 
and starved animals respectively. 

The plasma chloride of fed animals decreased from an average of 104 to 96 mM 
per liter and showed no change from normal in the starved animals. There 
Avere no significant changes in the sodium or calcium contents of plasma. The 
plasma potassium of fed and starved animals, hoivever, increased from 5.3 to 
5.8 and from 4.9 to 7.2 niM per liter re.spcctively. The larger increase in the 
starved animals was probably coirelated ivith a later stage of shock in those 
animals, since more of them showed a blood pH beloiv 7.0 than did the fed 
animals,. 

There Avere no significant changes in the hematocrits, plasma protein con- 
centrations, the red and the ivhite cell counts, and the specific gravity of the 
plasma of the fed shocked animals, suggesting that neither hemodilution nor 
hemoconcentration occurred as a result of grainty shock. In the blood from the 
starved shocked animals there ivere slight increases in hematocrit and red cell 
count, and a decrease in Avhite cell count, but the meaning of these changes is 
not clear. The correlation betiveen plasma protein and specific gravity was low 
in the blood from rabbits in graiaty shock, as reported earlier (Cole, Allison and 
Boyden, 1943). 

Discussiox. The rabbit ivhen suspended verticall}^ is unable to compensate 
adequately for the effect of gravity upon the circulating blood. An accumu- 
lation of blood in the posterior regions therefore occurs, followed bi' insceral 
congestion, decreased venous return to the heart and a drop in the blood pressure. 
Those conditions would be expected to cause a reduction in cardiac output, as 
was indicated by the increase in arterio-venous difference of oxygen content. 
There ivas no reason to assume increased oxygen consumption, since the increase 
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in temperature was minor and struggling was rare. There is thus established a 
peripheral circulatory deficiency which becomes an early cause of a seiies of 
disturbances in the physical and chemical pi-ocesses of metabolism. Unless 
■corrected, the disturbances will end in death. All of them arc interrelated, and 
since they occur so rapidly, it is difficult to distinguish the causes from the effects. 
It may be safety assumed, however, that the slowed blood flow results in a de- 
creased supply of oxj'gen to the tissues and in a decieased suppb’^ of blood to the 
kidneys. Changes in the concentrations of metabolites in the blood will then be 
the direct results of stagnant hypoxia and dcprc.sscd urine excretion. Upon these 
general concepts and with the aid of theoretical implications the following, work- 
ing hypothesis covering the development of gravity shock in the rabbit is pre- 
sented. 

The stagnant hypoxia leads to a decrea.sed utilization of o.xygen b\'-the tissues. 
Thus an acidosis of metabolic origin develops. Lactate and pyruvate, for exam- 
ple, parts of the carbohydrate metaliolic cycle, accumulate in the blood, because 
. the aerobic processes involved with their removal are depressed , Tlie S3mtheses of 
liver glj’^cogen from blood lactate and of muscle glycogen from blood glucose are 
therefore reduced. Glycogenolysis in the liver, primarib’^ an anaerobic process, 
is not reduced, resulting in the hj'^perglycemia of fed rabbits in gi’avity shock. 
The hypoglycemia in starved animals results from a depleted store of liver gb'- 
cogen. The concentration of plasma glucose during gravity shock, therefore, m'H 
be unchanged, increased or decreased from normal depending upon the amount 
of carbohj'drate stores in the animal before shock develops. 

The liberation of inorganic phosphate from organic sources in the tissues is 
accelerated bj’- the increa.sed hj-'di-ogcn ion concentration. The lack of energj’’ 
derived from aerobic processes depresses the resynthesis of inorganic phosphate 
into oi-ganic combination. Inorganic phosphate therefore diffuses into the blood 
at an increased rate. Its accumulation in the blood occurs because excretion by 
the kidnej' has decreased. (Cf. Gue.st and P>apo])ort, 1940-41 .) Loss of phos- 
phate from the carbohydrate cj'cle contributes to the eventual depletion of 
energy from carbohydrate stores. One of the results of the disturbances in 
carbohj'drate metabolism is the entrance of proteins into the cycle. iSTon-pro- 
tein nitrogen derivatives therefore increa.se in the blood, not only because of 
decreased urine foi'mation but also becau.se of abnormal utilization of proteins. 

Unless the cycles of metabolic disturbances initiated bj” suspension are re- 
versed, death will inevitably ensue. ^^Tien the rabbits are returned to the 
horizontal position, the rate of circulation of blood is restored, blood pres.sure 
returns to normal and bladder urine flow is re.sumed. Provided irreversible dam- 
age to essential tissues has not yet occurred, such return allows complete re- 
covery. Tire characteristic features of gravity shock — acidosis, phosphatemia, 
acapnia, increased lactate, pyruvate, pota.ssium and non-protein nitrogen and 
decreased venous oxj'^gen — graduall j”- disappear. These eight factors can be used 
as criteria to determine the severity of gravity shock and to follow the course of 
recoverjL 
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SUMMARY 

1. Eabbits suspended liead up, ivithout anesthesia, became unconscious in 
from 20 to 120 minutes, even though' lircathing continued at a rate about one- 
half that of normal. Thiiiy per cent of the animals died vithin 2-1 hours al- 
though all external symptoms appeared normal. 

2. Other changes resulting fi-om suspension ivere: a, marked reduction of blood 
pressure;: h, suppression of urine flow;, c, metabolic acido.sis (pH = 7.0); 
d, decreased blood carbon dioxide and venous oxygen; c, increased plasma 
lactate, phosphate, pyruvate, potas.sium and non-protein nitrogen ; /, increased 
or decreased pla.sma glucose; q, decreased plasma chloride in well-fed animals. 

3. There were no constant oi- significant changes in hematocrit, plasma .specific 
gravity, protein, sodium or calcium or in the blood cell counts. 

4. Hemoconcentration did not occur. 

o. Suspension resulted in a pei'ipheral circulatory deficienc.y leading to tissue 
hypoxia. Altered concentrations of certain blood metabolites occurred, v'hich 
were useful in dctei’mining.the sevei'ity of .shock, and the course of recoveiy when 
the rabliits were returned to the horizontal position. 
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Cold sweating may be defined as the sweating which occui-s without an ade- 
quate thermal stimulus. It is usually motivated b^’’ emotional, psychic or 
painful stimuli and has been investigated in the past mainly in relation with 
the psychogalvanic reflex (Darrow, 1934, 1937). Cold sweating also occius 
as one of the sjmptoms of motion sickness but has been given onlj^ scant 
attention in the most complete desciiptions of seasickness bj’’ Desnoes (1920), 
Bennett (192G), Maitland (1931), Hill (193G) and Brooks (1939). During 
investigations on experimental motion sickness woth men as subjects, it was 
found that cold sweating was the most reliable and constant indication of the 
onset of motion sickness. In the present investigation cold sweating has been 
investigated in two ways. An electrical device has been used which measures 
the onset of sweating and a calcium chloride water absorption plaque has been 
used to measure the rate of sweating. 

Method. Men between the ages of 20 and 30 who had passed the Army 64 
phj'sical examination were used. They were subjected to periodic motion which 
involved changing linear and centrifugal accelerations varying between 1.0 
and 2.0 g (acceleration of gravity). Indi\'iduals susceptible to motion sick- 
ness usually exhibited symptoms of this condition \vithin a 20 minute period. 
The subjects tested were fitted with forehead and arm electrodes made 
of tin. The aim electrode was large in comparison with the two forehead 
electrodes and was moistened with one per cent sodium chloride solution. The 
two forehead electrodes, approximately one square inch in area and placed 
on the forehead over the supraorbital ridge, were dry. The electrodes v'ere 
connected into an electiical circuit vith a small driving voltage and a galvano- 
meter to indicate current. In this circuit there is a high electrical resistance 
at the dry electrode — skin surface on the forehead. Wlien sweating starts the 
collection of sweat between electrode and skin reduces contact resistance and 
tlie current increases. By tliis method the start of sweating can be noted before 
there is any %asible evidence of sweat on the skin. The increase of current is 
probably proportional to the rate of sweat .secretion when the rate is small, 
but when sweating becomes profuse the contact space between electrode and 
skin becomes filled with fluid and the current reaches a maximum. When this 
occura additional secretion of sweat has no effect on the galvanometer current. 
Hence, the galvanometer method is useful onlj’- to indicate the onset.of sweating 
or to measure vaiiations in the rate of sweating only when the rate is small. 
The galvanometric method fails when the skin is moistened by thermal sweating.. 
This occurs with environmental temperatures above 30 to 35°C. 

1 Major, Air Corps, on leave of absence from the Universitj’ of Minnesota. 
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To measure rate of sweating when the rate was high enough for sweating 
to be visible calcium chloride plaques were used. These consisted of a small 
metal container cylindrical in shape and 5 inm. in . depth, open at one end and 
having an area of 3.9 sq. cm. They were filled Avith anliydrous calcium chloride 
and the open end was closed with lens paper sealed to the circular edge. They 
were weighed to the nearest 0.1 mgm. and stored in a diy weighing bottle. A diy 
plaque was placed on the forehead between the electrodes and held in place 
by the electrode headband. The duration time of sweating was determined 
from the onset as indicated electrically to the time of removal of the plaque 



SEVERE MOTION SICKNESS 

Fig. 1. Galvanometer records of onset of sweating. Abscissae, time in minutes; ordi- 
nates, galvanometer deflection in millimeters, 1 mm. is equal to 0.005 microampere. 

which occurred as soon as the motion ceased. The sweating rate w^as calcu- 
lated as milligrams of w^ater per square centimeter of skin per minute. 

Results. Figure 1 show's graphs of galvanometer deflections plotted against 
time in minutes. The three upper graphs are for control indhdduals who did 
not become, sick and w'ho did not sw'eat. The three middle graphs are for 
individuals who did not become sick to the extent of vomiting but who became 
nauseated and pale. The three lower graphs belong to individuals who vomited 
and exhibited the other symptoms of motion sickness as a result of less than 
20 minutes’ exposure to motion. The onset of sweating is quite distinct, and 
.. it is possible to predict oncoming sickness by the change in the galvanometer 
deflection before other signs are evident. In a few instances, approximately 
5 to 10 per cent of individuals, sickness occui’s without sw'eating. This is typical 
of the usual s 3 hdrome of motion sickness w'here one or more of the symptoms 






174 


ALLAN HEMINGWAY 


of nausea, pallor, sweating or vomiting arc likely to be absent or variable iii 
intensity. 

Table 1 contains data on temperature changes of the mouth and skin of the 
forehead as well as sweating rates in mgm. of water per sq. cm. per minute. 
It is to be noted that this is a true “cold sweating” in which sweating occurs 
with a decrease or no change in bod.y temperatures. The drop in temperature 
was due to the increased cooling power of the environment caused by increased 
uind A'clocity due to motion. It is remarkable that in spite of this cold stimulus 
sv.-eating w^as able to occur. The values in table 1 arc representati\'e results from 
more than a hundred tests. 


TABLE 1 

Rale of stveaiing (vigtn. 1 min. cm.~), month and forehead Icmpcralurc changes during the onset 

of motion sickness 



CONTROI^, SO SICKNESS 



itOTlON sicj: 




SuitntR 

665 



661 

6Sl 

701 

757 

795 


mm 

Mouth temperature at 
beginning 

37.6 

37.2 

.30,1 

.37.2 

37.5 

36.8 

.37.2 

36.4 

36.5 

' 

37.1 

Mouth temperature at 
end 

.37.3 

30.8 

36.1 

.37.2 

.37.2 

36.6 

.36.0 

35.6 

36.3 

36.3 

Change in mouth 
temperature 

-0.3 

-0.4 

0 

0 

-0.3 

-0.2 


-1.8 

-0.2 

-o,s 

ForeJioad temperature 
at beginning 

.31.4 

20.0 

26.2 

35.4 

V- 

30.0 

31.8 

24.6 

28.6 

25. S 

34.8- 

Forehead temperature 
at end 

30.4 

27.4 

24.0 

.31.4 

27.8 

2D.0 

22.2 

24.8 

24.6 

,34.2 

Cliangc in forehead 
temperature 

-1.0 

1 

■ -1.G 

,-2.2 

-4.0 

-2.2 

-2.8 


-3.S 

-1.2 

-4.6 

Sweating rate, 
mg./sq. cm. min. . . . 

O 



O 

b 

o 

0.6G| 2.1 

0.43 

0.30 

2.2 

0.35 

1.0 

Environmental tem- 
perature 

26 

16 

i 

13 

i 

24.5 

24 


13 

19 

. 1 

24 


Discussion, Tlic phenomenon of cold sweating occurs during mental stress 
and during exposure to motion. During the onset of motion sickness in these 
experiments there was little or no mental stress such as fear, anxiety or appre- 
hension. With the onset of nausea there was a certain amount of discomfort 
which ma\’^ have caused cold sweating, or the cold sweating may ha^'e been a 
jirimaiy effect in itself and not caused secondaril.v b 3 ' nausea or discomfort. 
Gannon (19.39) states that cold sweating is part of the general preparedness 
reaction in which an animal secretes sweat for anticipated cooling for forth- 
coming muscular acti\dty. This seems to be the onl.v reasonable explanation 
for an 3 ’ usefulness w'liich the reaction ma\' hai^e. As far as motion sickness is 
concerned, cold sweating is a useless and unnecessary reaction without aiw 
physiological value. 

The sj’mptoms of motion siclcness arc nausea, palloi-, cold sweating, vomiting, 
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drowsiness, and a feeling of apathy, discomfort and depression. The motion 
sickness S 3 mdrome is probabi}'’ a primitive defense mechanism in which the 
reaction to a haiTafiil stimulus is emesis. A similar reaction results from other 
typas of stress such as brain injury, pregnancj'^, digitalis (Hatcher and Weiss, 
1922) and staphylococcus enterotoxin (Ba 3 diss, 1940). In motion sickness 
it is a new enwonment involving motion to which the subject has not j-'et becoihe 
conditioned. A variety of stimuli are effective in producing the characteristic 
train of symptoms but the motor mechanism is the same for all. Emesis re- 
sulting from a poisonous di'ug or from injur}’' to the gastrointestinal tract is 
readity explainable as a logical defense reaction. But whj' emesis together With 
cold sweating results from motion or why it would be useful as a protective 
mechanism is not clear. An explanation, possibty on evolutionaiy development, 
is needed. 

SUMJLVRY AND CONCLUSION 

Cold sweating in man caused by motion involving changing linear and centrif- 
ugal accelerations has been studied by using a gahnnometric device to indicate 
the onset of sweating. It has been found that the sweating occurs as a result of 
motion and when the mouth temperature is falling. There appears to be no 
useful physiological purpose in cold sweating and the mechanism is probabl}' part 
of a primitive defense reaction. 
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Dietrich and Pendl (1) have shotm that perfusion of the isolated frog heart 
vith low oxygen concentrations causes a weakening of the contractions which 
are promptly restored by physiological oxj’-gen pressure or by adding a minute 
quantitj’^ of riboflatdn to the perfusion medium. In view of this finding it was 
thought worthwhile to study the influence of riboflavin on some other isolated 
tissue as well as on some of the effects of anoxia in the warm blooded intact 
animal. In addition some of the other vitamins of the B complex were studied 
in relation to their possible anti-anoxic effects.^ 

It is knomi that anoxia depresses the reflex contraction of the digastric mus- 
cle (linguo-maxillaiy reflex) (2), the spontaneous rhythmic contractions of 
smooth muscle (3, 4), and cardiac contractions (1); it causes hypertrophy of the 
adrenal cortex (5, 6, 7, 8) ; decreases the critical fusion frequency (9) ; and dimin- 
ishes or eliminates brain potentials (10, 11, 12, 13, 14, 15, 16, 17). -Therefore, 
experiments were carried out on the linguo-maxillary reflex in the dog, isolated 
strips of smooth muscle, Straub preparations of the frog heart, the adrenal 
cortex in the rat and on the critical fusion frequency and electroencephalogram 
in man, in which the ability of the vitamins of the B complex to offset these 
effects of anoxia was studied. 

Methods. Linguo-maxillary reflex {dog): Acute experiments were performed 
upon 18 dogs weighing approximately 10 kgm. The aninaals were anesthetized 
with sodium amytal, 60 mgm./kgm., or Avith a combination of sodium ainytal, 
40 mgm./kgm., and chloralose, 20 mgm./kgm. Blood pressure was recorded 
from the femoral arteiy by means of a mercury manometer. The trachea was 
cannulated and connected to an electrical respiratory pump with adjustable 
stroke volume. Gas mixtures Avere inhaled from Douglas bags, filled by means 
of floAv meters. Preparation of the digastric muscle and recording of its contrac- 
tions Avere carried out as described bj”^ Blier and IHeitman (18). Condenser dis- 
charges at the rate of one per second A\'ere applied to the tongue in order to elicit 
the linguo-maxillary reflex. Deneiwation of the carotid sinus, Avhen necessary, 
was accompanied bj" bilateral vagotomy. After the effect of anoxia on the refl&x 
Avas determined the vitamin to be studied AA^as injected intraA^enousb'^ into the 
femoral A-ein and the periods of anoxia* repeated at 15 minute intervals. The 

' Presented to tlie Graduate School of the UniA'ersity of Illinois in June 1943 inpartial 
fulfillment for the degree of Doctor of Philosophy. ' 

= Aided by a grant from the Josiah IMacy Foundation, administered by Prof ..E. Gellhorn. 

= Non* in the Department of Pliy.siology, Tulanc University, School of jMcdicine. 
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effects before and after the administration of the, vitamin were then compared. 
Riboflavin, thiamin, and nicotinamide were studied. 

Isolated strip of smooth muscle (frog): A 5 nmi. section of the frog’s esophagus 
was removed, the Avail cut through at one point and the strip suspended betAveen 
two hooks and fastened to a IcA-er so that the spontaneous contractions of the 
circular muscle could be recorded on a moving kjnnogi-aph. The strip AA'as kept 
in a bath of a phosphate, buffered Ringer’s solution (pH 7,2) containing 0.5 per 
cent glucose, AA'hich could be perfused AAuth either an* or nitrogen. After a control 
expeiiment was performed in AA’hich the effect of nitrogen on the spontaneous 
muscular contractions was determined, air Avas alloAved to replace the nitrogen, 
and the suppressed contractions returned to normal. Riboflavin in a concentra- 
tion of 1-100,000 AA'as then added to the Ringer’s solution and the nitrogen perfu- 
sion AA'as repeated 15 minutes later. The riboflaA'in AA'as then remoA'ed and the 
experiment AA’as repeated in riboflaA'in-free Ringer’s solution for a second control. 

Isolated heart (frog): Straub preparations of the frog heart AA'erc prepared and 
the heart perfused AAdth a phosphate buffered Ringer’s solution (pH 7.2)"contain- 
ing 0.5 per cent glucose through AA'liich could be bubbled either air or nitrogen. 
After a control record of cardiac contractions AA'as made in the presence of air, the 
k 3 'mogi’aph di-um Avas stopped and the air AA’as replaced bj' nitrogen. . When a 
significant depression of the height of the cardiac contractions appeared, AA’hich 
usually occurred in from 3 to 5 minutes, the dioim AA’as again started and the 
A'itamin to be tested AA’as immediatelj' added to the perfusion fluid. After five 
minutes, the nitrogen AA’as replaced by air and the e.xperiment terminated tAA'o to 
three minutes later. 

Adrenal cortex (rat): Forty male rats AA’cighing 200 to 250 grams AA’ere diA'ided 
into fi\'e groups. The first group (9 animals) Avas used as a control group ; the 
second group (9 animals) AA'as not allowed to eat or drmk for 48 hours; the third 
group (9 animals) was subjected to a barometric pressure of 294 mm. Hg (24,000 
-feet) for 48 hours, during AA’hich time the animals did not eat or drink; the fourth 
gi’oup (9 animals) AA'as injected daity AAith riboflaAon, 1 ragm. per 250 grams, for 
6 daj'S and then subjected to the same reduced pressure as group 3; and in the 
fifth group (4 animals) each rat received bj' stomach tube a daily dose for 6 daA’s 
of liA'er concentrate plus thiamin, 1 mgm.; riboflaA'in, 333 micrograms; nicotinic 
acid, 5 mgm. ; pju’idoxine, 200 micrograms; and pantothenic acid, 250 micrograms. 
Then thej' were subjected to the same reduced pressure as groups 3 and 4. The 
animals of each group AA'ere then sacrificed and the adrenals removed and AA'eighed. 

Critical fusion frequency, electroencephalogram- and pulse rate (man): In this 
gi-oup of experiments the effects of anoxia on the critical fusion frequency', elec- 
troencephalogram, and pulse rate of four males (medical students) were studied 
before and after the administration of relatiA'el.y large doses of the A'itamins of the 
B group. 

'For the determination of the critical fusion frequenej' (C. F. F.) a neon bulb 
AA'hose flickering frequency could be controlled bj' an audiometer sei’A'ed as a 
source of flickering light. The area of the test field exposed to the eye equaled one 
degree, and when the flicker frequenc3’’ AA'as not being determined the test field 
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was covered by a screen. The subject observed the test field through an artificial 
pupil so as to avoid any variability resulting from pupillary diameter. Only one 
eye was used, the other being covered. At the appropriate signal the subject 
raised the screen and observed the test field Avhile the experimenter gradually 
lowered the flicker frequenc 3 ^ When the first trace of flicker was observed the 
subject would indicate this bj'' tapping the table and would promptlj’’ lower the 
screen. iVfter a short practice it was possible for the subject to give verj’- con- 
sistent results, indhddual readings varying by not more than’ one flash per second. 
The readings rvere always taken in groups of two or three and the results averaged. 

During the intervals when the C. F. F. was not being measured, records were 
made of the electroencephalogram (E. E. G.) and the pulse rate. B}’’ means of 
bipolar leads the occipital alpha rhythm was recorded with the e 3 ’es closed. In 
addition, the effect of object fixation on the E. E. G. under conditions of anoxia 
was likewise studied. The pulse rate was recorded eleetricall 3 " Anth leads from the 
left forearm and leg. 

The anoxia Avas produced b3'- having the subjects breathe h3^poxic gas nuxtures 
(7 to 8.4 per cent ox3"gen) from Douglas bags through an oro-nasal ox3"gen mask. 
A S3^stem of two A'-alves permitted the subject to inhale from the Douglas bags 
and exhale to the outside room air. The period of Ioav ox3’'gen inhalation Avas 
maintained until significant changes occurred in the C. F. F. and E. E. G. Avhich 
usuall3’' required 10 to 15 minutes. 

After the control effects AA^ere obtained the folloAA'ing amounts of Autamins 
Avere given to the subjects daib^ for a period of three AA^eeks: thiamin, 6 mgm.; 
riboflaA’’in, 12.6 mgm.; nicotinamide, 40 mgm.; p3'ridoxine, 0.8 mgm.; panto- 
thenic acid, 2 mgm.; and also other factors from 12 grains of 3 "east.^ Immed- 
iatety after the period of AUtamin administration the subjects AA'ere again tested. 

Results. Linguo-maxillary reflex. A series of control experiments AA'as 
carried out in five dogs m AA'hich periods of anoxia AA'ere repeated at 15 minute 
inteiwals AA-ith no Autamins being giA-^en in order to determine the constanc3' 
of the depression of the reflex. The concentrations of ox 3 "gen used A'aried 
betAA-een 4.5 per cent and 9.1 per cent, and the duration of the inhalation of the 
anoxic mixture AA^as determined b 3 - the response of the linguo-maxillaiy reflex. 
The degi-ee and duration of the anoxic period AA-as that necessaiy to produce a 
definite depression of the reflex. In all control experiments the results shoAved 
that the depression remained constant or became more seA’ere and in no case 
did the anoxic effect become less. 

Figure 1 illustrates this effect in a dog AA-ith carotid sinuses denervated and 
A'agi cut.® This record shoAA-s that the repeated inhalation of 6.2 per cent ox 3 "gen 
for 2 minutes at 15 minute interA^als resulted in a constant decrease of the reflex 
contraction. It is concluded from these results that an3^ substance AA'hich is 

* -MI of the vitamins used in the e.xperiments reported in this paper AA'ere supplied by 
-Vhbott Laboratories. 

“ In some dogs it Avas necessary to denerA-ate the chemoreceptor zones in order to obtain 
a depression of the refle.x and then frequently a depression AA'as not obtained. HoAA'cver, 
AS'hcnever an anoxic depression of the refle.x AA'as obtained, AA'hether in the normal or “de- 
ncrA'ated” animal, it remained constant. 
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Fig. 1. The response of the linguo-ina.villary refle.v to repeated inlialations of anoxic 
gas mixtures. Dog, 10 kgm.; sodium amytal, 60 mgm. per kgm., intraporit.oneally;blood 
pressure recorded from femoral arterj'. Artificial respirntion. Carotid sinuses denervated 
and vagi sectioned bilaterally. Upj:cr record, blood pressure; lower record, linguo- 
maxillary refle.x. Duration of anoxia, 2 minutes. Parts A, B, C and D performed at 15 
minute intervals. 


TABLE 1 

The anli-anoxic effect of riboflavin on the linguo-niaxillarij reflex 


Dose = 1 mgm. riboflavin per kgm. I.V. 


EX- 

PEKl- 

MENT 

NORMAL OR 
DENERVATEDf 

DE- 

GREE 

OF 

ANOXIA 1 

DORA- j 
TION 1 
OF 

ANOXIA 1 

j HEIGHT or REFLEX COSTKaCTIOXS DURING ANOXIA IN PER CENT OP CO.VTROL IN AIR 

1 

Before riboflavin 

15 min. after 
riboflavin 

30 min. after 
riboflavin 

45 min. after 
riboflavin 

60 min. after 
riboflavin 


1 

Of 

70 j 

min. 






1 

Normal 

0.2 

2 

0% 

10% 

40% 

100% 


2 

Normal 

0.2 

5 , 

0% 

0% 1 

50% 


33% 

3 

Normal 

0.2 

2 

0% 

35% 1 

50% 



4 

Normal 

5.7 

2 

0% 88 sec.* 

0% 03 sec. 

0% 13 sec. 

0% 13 sec. 

0% 189+ sec. 

5 

Normal 

5.7 

2 

0% 100+ sec.* 

40% 

0% 32 sec. 

fio% 

100% 

0 

Denervated 

0.2 

2 

50% 

60% 

10% 

100% 

100% 

7 

Denervated! 

4.5 

3i 

40% 

40% 

50% 

100% 


8 

Denervated 

4.5 

31 

40% 

00% 



100% 

9 

Denervated 

6.2 

4 

30% 

S3% 


02% 

40% 

10 

Denervated 

0.2 

4 

0% 

0% 

20% 

50% 

36% 

n 

Denervated 

0.2 

4 

0% 


0% 

30% 

50% 

12 

Denervated 

4.5 

; 2 

i 

0% 00 sec.* 

1 

0% 53 sec. 

0% 50 sec. 

0% 28 sec. 

0% 7 sec. 


* In t hese experiments tlie riboflavin did not prevent the nbolisliment of tlio reflex during anoxia but it did sliorten 
tlie duration of the complete suppression as showm by the time in seconds, 
t Bilateral carotid sinus denervation and vagotomy. 
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injected and followed b.y a decreased anoxic depression of the reflex has an anti- 
anoxic effect. 

In a second group of 12 experiments performed on 7 dogs the effect of ribo- 
flavin on the anoxic depression of the linguo-maxillaiy reflex was studied. In 
all exiieriments riboflavin prevented to some degree the depi-e.ssion of the reflex 
by anoxia. Table 1 bilefly summarizes this group of experiments. 

Figure 2 shows the anti-anoxic effect of riboflavin on the linguo-maxillaiy 
reflex in the dog. Part A illustrates that inhalation of 6.2 per cent oxygen for 
two minutes caused a disappearance of the reflex which was restored upon the 
readmission of air. Immediatel.v following part A, riboflavin (1 mgm./kgm.) 
was given intravenously, and 15 minutes later the inhalation of 6.2 per cent 


M.%Ox 




Fig. 2. The effect of riboflavin on tlie deprc.ssion of the linguo-maxillari' reflex due to 
anoxia. Dog, 9.1 kgm.; sodium amytal, 60 mgm. per kgm., intrapcritoneally. Blood 
pre.ssure recorded from the femoral artery. Artificial respiration. Upper record, blood 
pre.ssure; lower record, linguo-maxillary reflex. Duration of anoxia, 2 minutes. Parts A, 
B, C and D performed at 1.5 minutes intervals. Hiboflavin, 1 mgm./kgm. given intra- 
venously between parts A and B. 


oxj^gen was repeated (see part B). A veiy slight improvement resulting from 
the riboflavin is shown in part B, while part C, 30 minutes after injection, shows 
a definite improvement, and part D, 45 minutes after, indicates that the anoxic 
depression of the reflex has been completely aboli.shed. In some experiments 
after the effect of an initial injection had disappeared a second injection of 
riboflavin again prevented the effects of anoxia on the reflex. 

Hence from the figures and table cited above one may conclude that ribo- 
flavin alleviates the effect of anoxia on the linguo-maxillaiy reflex in the dog. 

The same type of experiment as desenbed for riboflavin was carried out 
using thiamin and nicotinamide. Three experiments on 3 different dogs were 
perfoiTned in which the dose of thiamin varied between 5 mgm. per kgm. and 
25 mgm. per kgm. On three other dogs nicotinamide was used (10 mgm. per 
kgm.). In all 6 of these experiments neither thiamin nor nicotinamide showed 
anv anti-anoxic effect. 
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Isolated strip of smooth muscle. In view of the fact that riboflavin prevented 
the effects of anoxia on the central nervous S 3 "stem as shovai above and on 
cardiac muscle (1) and since these tissues are notorious in their susceptibility 
to oxj’^gen lack, it was decided to test the anti-anoxic effect of riboflavin on some 
less specialized tissue cell ivhich has a loiver oxygen consumiition. Therefore, 



Fig. 3. The elTect of riboflavin on the suppression of contractions of smooth muscle due 
to anoxia. 

Part 1: Riboflavin-free Ringer’s solution perfused with air. Part 2; Riboflavin-free 
Ringer’s solution perfused with nitrogen for 25 minutes. Part 3: Riboflavin-free Ringer’s 
solution perfused with air. Part 4; Ringer’s solution plus riboflavin, 1-100,000 perfused 
with air. Part 5: Ringer’s solution plus riboflavin, 1-100,000 perfused with nitrogen for 
25 minutes. Part 6; Ringer’s solution plus riboflavin, 1-100,000, perfused with air. Part?: 
Riboflavin-free Ringer’s solution perfused with air. Part 8: Riboflavin-free Ringer’s 
solution perfused with nitrogen for 25 minutes. Part 9; Riboflavin-free Ringer’s solution 
perfused with air. 


experiments were performed on six preparations of isolated strips of smooth 
muscle. In each one of them riboflavin prevented to some degree the anoxic 
depression of the rhjdhmical muscular contractions. A typical experiment is 
illustrated in figure 3. Part 1 is a recording of the spontaneous contractions 
of an isolated strip of smooth muscle from the frog’s esophagus in a bath of 
Ringer’s solution perfused with air. Part 2 shows that after 25 minutes’ perfusion 
with nitrogen, the contractions became irregular and were quickty restored bj’- 
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aiv as shown in part 3. Between parts 3 and 4 riboflavin, 1-100,000, was added 
to the Ringer’s solution and the preparation allowed to stand for 15 minutes. 
Part 4 is a recording in air, and in part 5 the perfusion with nitrogen was re- 
peated. The record shows that in the presence of riboflavin, the perfusion 
with nitrogen suppressed contractions to a lesser degree than in the absence 
of riboflavin. Part 8 illustrates that when the Ringer’s solution containing 
the riboflavin was replaced by riboflavin-free Ringer’s solution, the nitrogen 
effect of part 2 returned. These experiments clearly show that in the pi-esence 
of riboflavin, the anoxic depression of spontaneous smooth muscle contractions 
was con.siderably alleviated. 

Isolated heart. The vitamins used were riboflavin, thiamin, thiamin pyro- 
phosphate, and nicotinamide and the concentrations were varied between 
1-10,000 and 1-200,000. Before testing for the anti-anoxic effect of a certain 

TABLE 2 


Effect of /f8 hours’ exposure to a barometric pressure of 29/^ mm. H(}on the adrenal wcighlof rats 

Weiglils given in milligrams 


RAT 

CONTROL CROUP 

NO FOOD OR 
WATER FOR *18 IIRS. 

294 MM. Hg 48 
HRS. 

294 MM. Hp 

48 HRS. 
RinOFLAVIN 

294 MM. Hp 

48 HRS. B 
COMPLEX 

1 

20 

26 

33 

30 

46 

2 

19 

30 

1 39 

35 

30 

3 

20 

29 

33 

34 

37 

4 

2G 

25 

32 

32 

46 

5 

28 

25 

31 

31 


6 

24 

21 

39 

39 


7 

31 

24 

38 

33 


8 

25 

23 

33 

38 


9 

26 

25 

31 

28 


Average 

24.3 

25.3 

34.3 

33.3 

39.7 


concentration of anj" vitamin, the concentration was first added to the prepara- 
tion Avhile perfused with air to determine whether or not any toxic effect would 
result. None of the above vitamins had any toxic effects when used in the above 
concentrations. In this group of experiments the vitamins of the B complex 
failed to show any abilit}^ to prevent the effects of anoxia on cardiac muscle. 

Adrenal cortex. The results given in table 2 show primarily that neither ribo- 
flavin nor the entire B complex had any effects on the hypertrophy^ of the adrenal 
due to the anoxia. The group from which food and water were withheld for 48 
hours showed no change from the control group in adrenal weight; thus, the 
increase in weight which occuri’cd in the gi’oups subjected to reduced baro- 
metric pressure was due to this latter factor and not to the fact that they did 
not eat or drink. The average weight of both adrenals for this group was 25.3 
mgm. with variations between 21 and 30 mgm. 

The third group which was .subjected to a barometric pressure of 294 mm. 
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Hg for 48 hours showed an average weight of 34.3 mgm. vdth variations between 
31 and 39 nigui., or a 36 per cent increase. The group which received ribo- 
flavin for 6 daj^s prior to the 48 hour period of anoxia also showed anincrease 
in adrenal weight comparable to group 3, the average being 33.3 mgm. with 
variations between 28 and 39 mgm. The group receiving the v'hole B complex 
had an average Aveight of 39.7 mgm, Avith variations betAA'een 30 and 46 mgm. 

Critical fusion frequency, electroencephalogram and pxdse rate. In a preAuous 
report (19) it AA’as shoAAm that under the conditions of these experiments there 
AA'as a fall in critical fusion frequency, a rise in the pulse rate, a decrease in the 
effect of e 3 '-e opening on the E. E. G., and the appearance of delta AvaA’-es. The 
administration of large amounts of vitamins of the B group for 3 weeks and in 
one case for 5 AA-eeks in no AA^a}'^ offset these effects of anoxia. These results Avere 
obtained in four. subjects (male medical students). 

Discussion. Of the entire group of experiments described aboA’^e, the most 
significant are those inAmlving the hnguo-maxillaiy reflex in the dog, AA^hich shoAA* 
that riboflavin prevents the depression effect of anoxia on reflex nervous acti\dty. 
It is interesting to note that the niaximal anti-anoxic effect of riboflaAun did not 
occur until approximate!}'' 45 minutes folloAving administration. Experiments 
carried out on the isolated strip of smooth muscle from the frog’s esophagus also 
showed that riboflaAln must be in contact AAuth the tissue about 45 minutes before 
it is effected. It is suggested that the reason for this delaj’’ ma}'' be due to the 
fact that riboflavin must be first phosphoiylated and combined AAith a protein 
molecule in order to be conA^erted into a cellular respiratory enzyme. It has 
recently been shoAA-n that during anoxia a dephosphor3lation of cocarboxA'lase 
takes place and that 30 to 60 minutes are required for its rephosphoiylation (20). 

The anti-anoxic effect of riboflavin on the linguo-maxillaiy reflex might be 
explained on the basis of an improA^ed respiration or circulation. The re.spiratoiy 
factor is ruled out b}^ the fact that respiration AA-as controlled b}'' a inspiratory 
pump AA'hich proAuded a constant respiratoiy minute Amlume. The chculatoiy 
factor seemed a much more likel}’- explanation, since Dietrich and Pendl (1) 
haA’^e shoAATi that riboflaAdn improAnd cardiac contractions during anoxia in the 
isolated frog heart, and since in some of our e.xperiments on dogs the administra- 
tion of riboflaAon AA'as foUoAA’ed b}"^ an increased blood pressure response to anoxia 
(fig. 2), That an improved circulation is not the explanation is shoAAii b}’- 
the fact that the increased blood pressure response to anoxia is not correlated 
in time AAuth the anti-anoxic effect on the reflex. Also, in animals AA'hose A'agi 
had been sectioned and carotid sinuses denerA^ated and AA'hich in contrast to 
normall}'' innei’A'ated dogs, shoAved a fall in blood pressure during anoxia (21), 
riboflavin retained its anti-anoxic effect. Further eAudence AA'hich tends to 
substantiate the concept that the anti-anoxic effect of riboflaAun is due to im- 
proved cellular oxidation in all the cells of the bod}’^ and not to improA'ed circula- 
tion is found in those experiments on the isolated strip of smooth muscle de- 
scribed aboA'e. 

The dose of riboflaA'in used in these exqjenments on the dog appears quite 
large when compared to the dailA' requirement. Eh'ehjem and collaborators 
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(22) have stated that the daily requirement for riboflavin in the dog is 60 to 100 
micrograms per kgm. per day. The dose used in the experiments reported here 
Tvas approximately ten times this amount. This large dose was chosen purposely 
so as to saturate the tissues ndth riboflavin. However, this dose is far from 
toxic since Kuhn and Boulanger (23) have reported that the toxic dose of ribo- 
flavin is considerably greater than 1000 times the daily requirement. 

The failure of the experiments reported here to confirm the investigations 
of Dietrich and Pendl, in which they showed the anti-anoxic effect of riboflavin 
on the frog heart, is rather difficult to explain since the studies on the linguo- 
maxillaiy reflex and strip of smooth muscle yielded positive results,. One 
possible difference between their experiments and the ones reported here might 
have been that they may have used the phosphorjdated riboflavin and failed 
to mention it. Therefore, several additional experiments were performed in 
which phosphorylated ribofla\dn was used. However, the phospho^lated 
compound also failed to prevent the effects of anoxia on the isolated frog heart; 
hence the inability to confirm Dietrich’s results remains une.xplained. 

The inability of the %atamins of the B complex to prevent hjqrertrophy of the 
adrenal cortex under conditions of anoxia seemed rather surprising, especially 
since previous observations (24) showed that vitamin B deficiency led to adrenal 
hj’pertrophy, and that high \dtamin B intake prevented adrenal h 3 q)ertrophy 
resultmg from exercise (25). Furthermore, it has been shovm that lactoflavin, 
a member of the B complex, prevented the adrenal hjqrertrophj’’ induced by 
thyroxin (26), It maj^ be that the conditions of the experiment were too severe, 
since a hypertrophy of 36 per cent occuiTcd in only 48 hours of anoxia. It would 
be interesting to repeat these experiments using a more mild anoxia over a longer 
period of time. Furthermore, since it has been shomi that a dephosphorjdation 
of cocarbo.xylase takes place under conditions of anoxia (20) and since it has also 
been demonstrated that adrenal cortical secretions are concerned ndth phos- 
phor 3 dation (27), it would be worthwhile to study the effects of gi\dng large 
doses of the phosphorjdated vitamins of the B complex on adrenal hjqrertropby 
occurring under conditions of anoxia. 

In addition to sho^ving no anti-anoxic effects in man as measured by the 
critical fusion frequency and electroencephalogram, the %dtamins of the B group 
did not raise the C. F. F. as pre^dousl 3 '■ reported bj’- Simonson et al (28). This 
latter finding remains unexplained as approximate^’- the same doses were used 
and were given for the same length of time. 

\ 

SUIVKIAEY 

Experiments were carried out in order to determine whether or not the vita- 
mins of the B group could increase the resistance of the organism to lack of 
oxygen. 

1. Ldnguo-maxillary reflex. In a series of 12 experiments on 7 dogs it was 
found that riboflavin, 1 mgm. per kgm., given intravenouslj’-, prevented the 
depression of the linguo-maTdllary refle.x during the inhalation of low oxygen 
mixtures. The maximal effect occurred about 45 minutes after the administra- 
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tion and was found in normal animals as well as in those whose chemoreceptors 
had been eliminated; In an additional gi'oup of 6 dogs, thiamin, 5 mgm, per 
kgm. and nicotinamide, 10 mgm. per kgm. were found tb be ineffective. 

2. Smooth musde. Riboflavin, 1-100,000, prevented the anoxic effects on the 
spontaneous rhjdhmical contractions of smooth muscle obtained from the frog’s 
esophagus. 

3. Frog heart. ■ Ribofla^dn, phosphorjdated riboflavin, thiamin, thiamin pyro- 
phosphate, and nicotinamide in concentrations between 1-10,000 and 1-200,000 
were found to be ineffective in alleviating the effects of anoxia on the isolated 
frog heart. 

4. Adrenal cortex. The administration of large amounts of the vitamins 
of the B complex or ribofla%dn to male rats did not prevent hypertrophy of the 
adrenal cortex when the animals were subjected to 294 mm. Hg for 48 hours. 

5. Critical fusion frequency^ electroencephalogram and pulse rate. The daily 
.oral administration of the vitamins of the B complex (thiamin, 6 mgm.; ribo- 
flavin, 12.6 mgm.; nicotinamide, 40 mgm.; p3'Tidoxine, 0.8 mgm.; pantothenic 
acid, 2 mgm. ; and also other factors from 12 grains of j’^east) for a period of three 
weeks did not prevent changes due to anoxia in the critical fusion frequency’’ 
electroencephalogram, and pulse rate. 
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It is well established . that the administration of thyroid affects the water 
exchange of dogs (1, 6, 21), cats (4), rats (3) and man (11). This hormone greatly 
exaggerates the pobniria of diabetes insipidus and, moreover, reveals cases of 
latent diabetes insipidus bj' enonnouslj’’ increasing water exchange (4) ; in normal 
animals it causes less alteration in urine volume. Bnill (2) has shovn that thy- 
roxin has a direct renal effect: he transplanted kidneys from a dog pretreated with 
thyroxin to a noinial dog, so that a comparison could be made of the urine flows 
from the thyroxinized and normal kidne 3 ’-s when both were supplied vdth the 
same blood at the same pressure. Duiing a diuresis induced by saline infusions 
or removal of the pituitary, the uiine flow was greater from the thyroxin treated 
Iddney; but in the absence of measurements of renal blood flow, gloraemlar 
filtration and tubular reabsorption, the site of action of thju’oxin vnthin the 
kidney cannot be identified. In addition to this direct renal stimulation, thy- 
ro-xin may affect mine formation through some extrarenal action, .such as incz’eas- 
ing cardiac output, which, bj'- accelerating renal blood flow, might affect 
glomemlar filtration. 

The increased ox 5 ’'gen consumption of the hyperthju’oid animal has been con- 
sidered an extrarenal factor in the diuresis, despite the lack of immediate rela- 
tionsliip between the two; but AMiite, Heinbecker and Robinson (21) have found 
that although both thja-oid and dinitroorthocresol increased oxygen consumption, 
onty thyi’oid increased the water exchange in dogs vith diabetes insipidus. Other 
dissimilarities in the responses to thju’oid and to nitrophenols have been de- 
scribed bj^ Tainter, Cutting and Hines (18), who stressed that protein wastage 
and high nitrogen excretion, so characteiistic of hyper thjToidism, were not 
observed after the administration of dinitrophenol. Increased nitrogen excre- 
tion does cause an increased urine volume in diabetes insipidus, but according to 
Radcliffe (15), the elevation in urinary nitrogen in lypertliju-oidism can hardly 
account for the added volume of urine excreted. The diuretic action of thyroid 
. maj'- be due in part to its stimulation of protein metabolism, but the experiments 
of White et al. (21) and of Bi-ylm (1) clearlj'- show that an increase in oxygen 
consumption does not in itself cause a pobuiria. 

Since the processes immediately controlling uiine flow are glomerular filtration 
and tubular reabsorption of Avater, the diuresis brought about by thyroxin must 
be due to changes in one or both of these., Pitts (14) has shoim that the admin- 
istration of thju’oxin elevated the xylose clearance of normal dogs. . While this 
clearance is not an exact measure of glomerular filtration, it provides good evi- 

^ A preliminary abstract of these experiments was published in Fed. Proc. 2: 38, 1943. 



188 HAKE, PHILLIPS, BRADSHAW, CHAMBERS AND HARE 

dence of an elevation in glomemlar activity, and this glomerular effect has been 
confii-med by Heinbecker, Rolf and ^Miite (9), ivho used inulin clearances. ’ We 
have reported increased creatinine clearances after feeding thi^roid to dogs vith 
diabetes insipidus (6) and suggested that this in part accounted for the diuresis. 
However, in dogs with latent diabetes insipidus, since there is an attendant 
decrease in the specific gravity of the urine, there must be some inhibition of 
water reabsorption in the renal tubules. 

In the following experiments the effect of thiu-oid on glomerular filtration and 
tubular reabsoi’ption has been studied in three groups of dogs: normal, with 
latent diabetes insipidus, and ivith severe diabetes insipidus. Complete destruc- 
tion of the pars neiwosa of the pituitary causes a severe and permanent polyuria; 
partial destmetion results in a less complete deficiencj’’ of antidiuretic hormone 
and a water exchange which, under ordinaiy circumstances, is noimal or onlj’^ 
slightly increased. Under the stress of thyroid treatment, however, the dog with 
latent diabetes insipidus develops a severe poljuiria. 

^Methods. Glomerular filtration was measured by creatinine clearances; 
tubular reabsorption of water bj-- the creatinine U/P and b.y the chloride R/P 
(7). In the absence of pituitrm, chloride reabsorption is apparently normal, 
but because of a diminution in the reabsorption of water, the chloride is taken 
back into the blood in an abnoimally high concentration, ^^^len the concentra- 
tion of chloride in the plasma of dogs with diabetes insipidus was either lowered 
or raised bj^ the injection of saline solutions, the concentration of chloride in the 
reabsorbate was alwaj^s greater than in the plasma. The normal dog possesses 
an adaptive mechanism which regulates the concentration of chloride in the reab- 
sorbate, so that when dilute saline or water is given the reabsorbate is more 
concentrated than plasma, while after hypertonic saline this relationship is 
reversed. Thju’oid treatment does not affect this regulation in the normal dog, 
nor does it further disturb the already deranged mechanism in a dog ivith diabetes 
insipidus; however, it profoundh’- changes tubular reabsorption in a dog with a 
latent pol 3 uiria. 

All expeiiments were peifoimed on female dogs kept in metabolism cages. 
The procedures used in the collection and anatyses of plasma and urine samples 
have been described (7). Inulin was determined by Harrison’s (8) modification 
of the diphenylamine method, after all materials had been treated vdth 3 ^east; 
urea by the manometric urease method of Van Slyke (13). 

HjTperthjuoidism was induced bj’" adding five grams of dried thyroid gland* to 
the dailj'' ration until the desued effect was obtained or until the dog began to 
lose its appetite. The antidiuretic hormone used was either Pitressin (Parke, 
Davis and Co.) or standard pituitary’’ powder prepared according to Nelson and 
IMunch (12). 

Results. Urine flow. An increase in the water exchange was the invariable 
response to thiuoid feeding, but the magnitude and the onset of the response were 
quite characteristic of the type of dog used (fig. 1). In severe diabetes insipidus, 

-Mr. I. J. Klingaman of the Cudahy Packing Co. very generously supplied us with the 
dried thyroid gland used in these experiments. 
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the onset was rapid and the niaximurn. diuresis attained witliin a few days; in 
latent polyuria, the onset' was much more gradual, but if the medication was 
contmued, the urine flow finally became as great as in severe diabetes insipidus. 
In the normal, the increase in water output Avas barel}’’ perceptible, and in no case 
Avas it more than fourfold. 

Glomerular filtration. Creatinine clearance is the generall}’' accepted measure 
of glomeiular filtration in normal dogs; hoAA'ever, it aaus possible that during 
liyperthju'oidism, AA'hen renal tubular reabsorption of Avater and of glucose AA'ere 
altered, creatinine excrction might also be affected. It seemed improbable, 
hoAAUA^er, that thjHoid AAUuld similarly initiate the renal tubular excretion of tAVO 
such diveise substances as creatinine and inulin. Simultaneous clearances of the 
tAAU substances AA-ere therefore lun on three dogs, one from each group, during 



Fig. 1. The cfTect of feeding thyroid on the urine excretion of a normal (solid circles), a 
latent polyuric (triangles) and a polyuric (open circles) dog. 

Fig. 2. The effect of feeding thyroid on the urine volume and the glomerular filtration 
of a normal (squares), of two latent polyuric (triangles) and of a polyuric (circles) dog. 
The open figures represent basal values obtained before thyroid treatment; the solid figures 
data obtained during the onset of Iiyperthyroidism. Each sj'mbol represents the average 
of at least three clearance periods. Glomerular filtration was measured at 2 to 3 day inter- 
vals in all except the normal dog; in this case there Avas an interval of two weeks between 
the second and third observ.ations. 

thyroid feeding, and the results differed onb'' insignificantlj'', as may be seen in 
table 1. .In all other experiments, glomeiular filtration was therefore measured 
by the simpler creatinine clearances. 

Glomeiular filtration, in contrast to urine Aoaa', Avas increased bj’’ about the 
same amount in all three groups (fig. 2). The dailj'' urine Aulume of the dog AAuth 
severe diabetes insipidus was tripled,- AA'^hile the increase in glomeiular filtration 
is a little more than tAvofold. This suggests that the thyroid diuresis in diabetes 
insipidus is due almost entirely to a higher rate of glomerular filtration, and that 
the tubular reabsorption of water is affected to only a minor degree. HoAA-ever, 
in cases of latent polyuria, aaIici'c urine floAV is increased as much as forty times 
Avhile glomerular filtration is approximately doubled, a greater part of the diuresis 
is due to a diminished reabsorption of AA'ater by the tubules. In one case, the 
glomeiular and tubular effects on a dog AAith latent diabetes insipidus AAure tern- 
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porallj’- dissociated, the creatinine clearance being almost doubled before any 
significant increase’ in urine flow occurred (fig, 2). In normal dogs the increased 
glomerular filtration only moderately affected the urine flow. 

An increase in the rate of glomerular filtration could lie accomplished by a 
greater production on the part of each active glomerulus, or by the recruitment 

TABLE 1 


Com'parison of simultaneous creatinine and inulin clearances in hyperlhyroid dogs . 


TYPE OF DOG 

PERIOD 

URIKE FLOW 

INULIN' 

CLEARANCE 

! 

CREATININE | 
CLEARANCE 

iNULn; 

CLEARANCE 

CREATININE 

CLEARANCE 

Normal 

1 j 

cc.lmin, 

3.55 

cc./tnxn» 

103 

cc.lmin. 

96 * 

1.07 


2 

2.80 

98 

93 

1.05 


3 

1.80 

87 

83 

j 

1.05 

Latent diabetes in- 

i 

3.69 

79 I 

79 

— 

sipidus 

i 

2 

1 

3.23 

83 

84 


1 

Diabetes insipidus 

1 

1 

7.25 

91 

93 



2 

7.85 

91 

86 

[ 1.06 


3 

8.21 

95 

92 



TABLE 2 


An experiment showing a parallel increase in ghicose Tm and the creatinine clearance of a 
normal dog during the induction of hyperthyroidism 


TREATMENT 

PERIOD 

DURATION 

URINE 

PLOW 

PLASMA 

GLUCOSE 

URINE 

GLUCOSE 

CREATININE 

CLEAR^INCE 

.GLUCOSE 

REABSORBED 



minutes 

cc.jvun. 

mgm. per 
cent 

mgm. per 
cent 

cc.fmhi. 

mgtn.lmin. 

Normal 11/ 

1 

20.0 

2.25 

445 


59 

210 

20/42 

2 

20.1 

2.94 

447 


64 

227 


3 

19.5 

3,06 

452 

Bl 

61 

213 : 

Ilyperthj’- 

1 

23.2 

1.93 

464 

5230 

86 


roid 11/27/ 

2 

21.5 


456 

4740 

97 


42 

3 

19.1 

3.27 

452 

3450 

95 • 



4 

19.2 

4.68 

440 

2380 

96 


Hyperthy- 

1 

19.9 

7.26 

658 

3840 

95 

346 

roid 12/4/42 

2 

22.2 

7.22 

726 

4540 

92 

340 


3 

16.8 

8.27 

788 

4300 

90 

354 


of quiescent nephrons. In the latter case there should be a proportionate rise 
in the capacity of the tubules to reabsorb glucose. Shannon, Farber and Troast 
(17) found the maximal rate of glucose reabsorption (glucose Tm) to remain 
constant in dogs during wide fluctuations in glomerular filtration induced b 3 ^ die- 
tarj' changes. This indicates an extensive range of filtration rates bj’" each 
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glomemliis and a constancy in the number of active renal units. In hypeilh}’-- 
roidism, however, the glucose Tm and the creatinine clearance show about the 
same percentile increase (table 2). This finding may have one of two interpreta- 
tions: th 3 a’oid recniits nephrons or it stimulates the tubular mechanism of glucose 
transfer to about the same degree that it increases glomerular filtration. 

T.4.BLE 3 

Comparison of the effect of thyroid feeding on the creatinine U/P in normal, polyuric and 

latent polyuric dogs 


Each value is the average obtained from three 20-minute clearance periods 


DAYS OF THYROID FEEDING 

CREATIKINE TJ/P 

1 Normal 

Diabetes insipidus 

Latent diabetes insipidus 

0 

2S4 

21 

131 

2 


23 

113 

4 


11 

141 

7 

126 

19 

125 

9 


12 

35 

11 

219 

17 

42 


S7 

16 

50 

IS 

135 

IS 

>-* 

00 





REABSORBED, CHLORIDE MGM% 

Fig. 3. The effect of thyroid feeding on the chloride R/P of a normal (squares), a latent 
polyuric (triangles) alnd a polyuric (circles) dog. In each experiment the plasma chloride 
concentration was elevated by the intravenous infusion of 2.0 per cent NaCl solution. The 
open figures represent basal values; the solid figures data obtained after three weeks of 
treatment with thju-oid gland. The chloride R/P of the normal and of the polyuric dog is 
unaffected (shown on the right), but there is a progressive change in the dog with latent 
diabetes insipidus (shown on the left). The intermediate observations were made eleven 
(triangle with solid base) and eighteen (triangle with solid apex) days after thyroid was 
added to the diet. 

Tubular reabsorpUon. The creatinine U/P provides infoimation oiil 3 '- of the 
tubular reabsorption of Avater. Tubular actmt}’’, as measured by this means at 
.intei-A’als of 3 to 5 da 3 ^s before and duiing th 3 '’roid administration, shoAA's little 
change in the norhial and pobmric dogs, but is strikingly decreased as the dog Arith 
latent diabetes insipidus becomes h 3 ^perth 3 Toid (table 3). 
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Changes in tubular reabsorption, as measured by the chloride E/P, are also 
demonstrable only in dogs iidth a mild or latent pol 3 'uria (fig. 3) . The progressive 
conversion of the renal response from normal to that characteristic of a dog with- 
out a source of pituitrin, suggests that thjuoid feeding leads to an exhaustion of 
the alreadj’- dirtiinished supplj’’ of pituitrin, or that the renal tubules become re- 
fractorj" to its antidiuretic action. This, second possibility was investigated in 
four dogs vith severe diabetes insipidus, by measuiing their responses to the same 
doses of pituitrin before thyroid treatment and at the height of hyperthyroidism. 
Dogs of this group were used because the renal response to an injected dose of 
pituitrin is not complicated bj’’ the action of an unmeasurable amount contrib- 
uted to the circulation from an endogenous source. Since the antidiimetic effect 
was always less during hj’perthj'xoidism, repeated obseiwations were made during 



normal 



5mu Imu 


0 60 120 
MINUTES 


Fig. 4. Experiment showing the diminished effectiveness of pituitrin in the hypertlu’roid 
dog. The subject, .a dog with severe diabetes insipidus, was given one and five milliunits 
of pituitrin as indicated by the arrows. The first experiment was done while the dog was 
hyperthjToid; the second, two weeks later when the effect of the thyroid had subsided and 
the urine flow had returned to its basal level- The pituitrin was taken from a single 
ampoule. 


recover}' as the severe pohuiria declined, to exclude deterioration of the pituitnn 
.solution as the cause of the smaller responses in the h,ypei'thyroid state. Test 
doses of pituitrin were injected at hourh' inteiwals; the responses (fig. 4) were 
mea.sured b}' the method of Hickej', Hare and Hare (10), who showed a linear 
relationship between the elevation of the creatinine U/P and the quantitj' of 
antidiuretic hormone injected into dogs with diabetes insipidus. In the expen- 
ment in figure 4 there is le.ss difference between the normal and the hj^perthjToid 
responses than in an}' of the othei' three cases, but the data from the two obser- 
vations were considered more comparable as the basal creatinine U/Ps are almost 
the .same. In other dogs, the threshold to Pitressin was raised, by prolonged 
tlnuoid feeding, from less than 0.5 to more than 20.0 milliimits. While tins, 
diminished response to pituitrin in the hi'perthiToid dog is an adequate explana- 
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tion of the diuretic actioa of thyroid, in dogs Avith latent diabetes hisipidus, it 
does not exclude the possibility that the .neuroh.ypophysial remnant becomes 
depleted of pituitiin. There is indirect cAudence that such exhaustion does not 
occur, . but that, cA'^en in thjuotoxicosis, pituitiin : may lie released from the 
damaged pituitary. During the intraA^cnous infusion of 2.0 per cent NaCI 
solution into a hyperth3U-oid dog AAith latent polyuria, the cliloride R/P has fallen 
from 1.10 to 1.00 or less. A depre.ssion of the chloride R/P under these conditions 
is regulaiij’’ seen iu the normal, but neA’^er in the dogs A\ith diabetes insipidus. 
According to Hare, Hare and Phillips (7) this signifies the action of pituitiin on 
the renal tubules. 

Urea and salt excretion.- Radcliffe (15) has shoAvn that the increased AA'atcr 
exchange in the hyperthyroid cat AAuth diabetes insipidus is not due to an in- 
creased salt excretion. We ha\’’e confiimed this in dogs. Fifty cubic centimeters 

TABLE 4 


Showing the independence of chloride excretion from chloride filtration in a normal dog before 
and after treatment with dried thyroid gland 






NORMAL 





ir\TERtG\'ROXD 



I'KRIOD AND INFUSION 



Urine 

flow 

Crea- 

Chloride 



Crea- 

Chloride 

■ 


tion 

clear- 

ance 

Plas- 

ma 

Fil- 

tered 

Ex- 

creted 

tion 

flow 

clear- 

ance 

-Plas- 

ma 

Fil- 

tered 

Ex- 

creted 



min. 

cc,/ 

min. 

cc,/ 

min. 

rhj!w. 

per 

cent 

mgw./ 

min. 

mgm,/ 

min. 

min. 

cc,/ 

min. 

cc,/ 

min. 

ftism. 

per 

cent 

mgm./ 

min. 

mgm./ 

mxn. 


1 

15.2 

0.28 

31 

389 

121 

0.3 

21.3 

0.34 

S3 

378 

314 

0.22 


2 

15. S 

0.38 

40 

390 

151 

0.45 

13.5 

0.54 

90 

378 

340 

0.12 

1.5 per cent NaCl 
.at 10 cc./min. 

3 

14.5 

0.46 

44 

401 

176 

0.78 

15.9 

0.70 

81 

391 

317 

0.40 

4 

14.7 

0.44 

'44 

415 

182 

2.55 

17.0 

1.00 

90 

409 

•368 

2.94 

[5 

14.9 

1.12 

59 

424 

250 

9.1 

10.5 

2.19 

100 

417 

417 

10.0 


6 

14.8 

0.88 

54 

416 

224 

8.7 

15.9 

1.85 

88 

422 

371 

9.7 


7 

15.1 

0.66 

57 

416 

237 

6.5 

15.2 

1.50 

99 

419 

415 

8.9 


of 5.0 per cent NaCl Avere injected intraA^enousb’- into untreated dogs, AA'hich A\'ere 
then returned to their cages AAiiere the.A' had access to AA’ater. Uiines, collected at 
regular intei-vals after the injection, AA'cre measured and analysed for chloiidc 
content. The procedures AA'ere, repeated Avhen the dogs Avere h^'perthjuoid. In 
cA^eiy case the chloride excretion AA-as practicallj' unchanged, AA'hile the Avater 
excretion AA'as greater. 

This constancy' of the chloride excretion is maintained despite the fact that the 
quantity deliAnred to the tubules b^' the glomemli is increased. In table 4, the 
excretion of chloride bj' a noimal dog receiAung 1.5 per cent NaCl bj' intraA’enous 
infusion is almost exactlj’^ the same before and after th 3 Toid treatment. Simul- 
taneous creatinine clearances permit the calculation of the chloride filtered per 
minute, and, Avhile this quantity differs by approximately 150 mgm. in comiiar- 
able periods, the rate of excretion diffcm b 3 ' a maximum of 2.4 mgm. per minute. 


RECRUITMENT OF MAMMALIAN NER^TB FIBERS 
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From the Deparlment of Physiology in the Harvard Medical School 
Received for publication December 17, 1943 

Gasser (1938) defined recruitment of nerve fibers as a systematic increase of 
the number of nerve fibers stimulated bj’’ the successive shocks of a submaximal 
train. This increase of the number of responding elements is shovm b3^ a cor- 
responding increase of the amplitude of the spike potentials. The present stud}" 
attempts to explain further the mechanism of recruitment. 

Method. The nerve studied was the circulated peroneal in cats anesthetized 
with dial (Ciba, 0.7 cc. per kgm., intraperitonealR). It was cut centrally, at 
the hip, and peripherally, below the head of the fibula. Three pairs of chlorided 
silver electrodes were apphed for stimulation. Two of these pairs were on the 
whole nerve, a few centimeters below the central cut; they will be referred to as 
the test electrodes. The other stimulating pair were placed peripheral!}’' on all 
the branches of the peroneal except the superficial. The latter branch was 
crushed distally and was placed on electrodes for recording purposes. More 
details about the preparation of the nerves and a diagram of the position of the- 
several electrodes are given in a previous communication (Rosenblueth, 1943). 

The stimuli were either condenser discharges or brief rectangular pulses 'with 
frequency controlled by thyratrons and an osciUator. Timed single pairs or 
trains of pairs of shocks could be delivered to the several stimulating electrodes. 
The detailed characteristics of the stimulators have been described elsewhere 
(Rosenblueth, 1943). 

„ The nerve action potentials were led to a capacity-coupled amphfier and photo- 
graphed from a cathode ray oscillograph. 

Veratrine was injected into the aorta, below the inferior mesenteric artery. 
The leg on the recording side was fixed by means of drills, so that movements of 
the animal did not disturb the stimulating or recording electrodes. 

Results. A. Recruitment after veratrine. As observed by Gasser (1938), 
while recruitment was minimal or absent in normal mammalian nerves, it was 
prominent after treatment with appropriate doses of veratrine. For a given 
dose recruitment was prompter and proceeded to a higher level for faster than for 
slower frequencies of stimulation. It was possible to see marked increments of 
re.sponse mth frequencies of 1 per sec. or slower. 

As is true of other effects of veratrine upon nerve (see Acheson and Rosen- 
blueth, 1941) the amount of veratrine necessary to produce a given degree of 
recruitment varied considerably from cat to cat. In a given animal the greater 
the dose of veratrine the more striking Avas the recruitment, up to the point where 
the nerve ceased to conduct. 

Gasser (1938) found a correlation between the ampUtude of the negative after- 
potential and the degree of recruitment; conditions Avhich increased the after- 

196 
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potential promoted the appearance of recruitment. The present observations 
do not support the inference of a strict correlation. Thus, vith small doses of 
^'^eratrine (e.g., 0.25 mgm. per kgm.) the negative after-potential ivas sometimes 
large Avhile recruitment was minimal. Conversel.y, when several hours had 
elapsed after an injection of a large dose of veratrine (e.g., 3 mgm. per kgm.) 
the negative after-potential, initially large, had usually decreased in amplitude 
to only .slightly greater than normal, while recruitment Avas still quite prominent. 

With a given' degree of veratrmization and a given frequency of stimulation, 
the rate of recruitment Avas more rapid and the final IcA’^el of response AA^as higher 
for relatiA’el}’^ strong than for AA'eak shocks. If the shocks had an appropriate 
intensity it AA-as usuall}’’ possible to reach a submaximal equilibrium after re- 
ciniitment that did not change appreciabl 3 '- for several minutes. 

In confirmation of Gasser’s obserAmtions recruitment often took place AA'hen 
the intensity of the stimuli AA-as such that no responses could be detected initiall}’", 
CA'Cn if the gain of the amplifier AA-as high. It is likel}’’, therefore, that reemit- 
ment may occur with shocks initialty subthreshold for all the fibers in a nei’A’-e 
tnmk. It is difficult, hoAA^ever, to e.xclude the possibility that one oi- a feAA' fibers 
AA’-ere actuated from the start and that the highly shunted responses ma3'’ not 
have been detected. 

Within the range of frequencies of stimulation employed (1 to 200 per sec.) 
the stimuli could usuall3’' be AA'eakened considerably after recruitment had de- 
veloped, AA-ith slight or no decrease of the amplitude of the responses. Thus, 
it AA-as possible for stimuli AAffiich AA'ere subliminal before recruitment to elicit 
practical^' maximal responses if 'at first stronger stimuli AA'ere applied, and later, 
after reemitment, the shocks AA'ere progressh’'el3’’ made AA'eaker AAuthout inter- 
rupting the train. A typical observation AA'as the folloAAung. Veratrine (4 mgm. 
per kgm.) AA'as injected and caused total block of the nei’A'e for about 10 min. 
About 30 min. later practically all the A fibei-s in the nei’A'e had recoA'ered. Ex- 
pressed in conA'entional units, the threshold aa'rs 20 and maximal responses 
required 28. If a series of stimuli at the rate of 30 per sec. AA'as applied AA'ith an 
intensity of 22 to 25 the responses recruited after 1 to 3 min. to maximal. Fur- 
ther AA-eakening caused a decrease of response, but about 50 per cent of the fibers 
AA'ere still active AA'ith a strength of 18, about 20 per cent AA'ith 17, and a feAV 
fibers still responded AA'ith an intensity of 16. 

B. The time course of the process which underlies recruitment after veratrine. 
Taa o series of obserA'ations AA'ere made AA'hich bear on this problem. If the fre- 
quenc 3 ' of stimulation AA'as too sIoaa' no recruitment took place (cf. Gasser, 1938). 
The critical frequencA' above AA'hich recruitment occurred AA'as a measure of the 
diu’ation of the process set up b3' each stimulus AA'hich might lead to an increase of 
the next response. This critical frequenc3' A'aried, AAnthm a AA'ide range, inA'ersely 
as the dose of A'eratrine injected. Thus, after small doses, rates of stimulation 
of 30 per sec., or faster, AA'ere neces.sar3' to elicit recruitment, AA'hile after large 
doses it AA'as often seen AA'ith rates of 1 per sec., or sloAA'er. 

The independence of reenutment from the negatiA'e after-potential Avas empha- 
sized by these observations. Thus, AA'ith moderate doses of A'eratrine (e.g.. 
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0.5 mgm. per kgm.) the negative after-potential u.sualh^ lasted longer than 5 sec. 
-whereas recruitment required frequencies of stimulation higher than 3 to 30 

per sec.. , . ; , . . ■ 

In the second series of observations shocks were applied with a frequencx' 
■v\'hich re.sulted in marked recruitment. The stimuli were then interriqjted for 
variable periods. If these periods were relatively bi-ief the j-esponses remained 
large from the start upon the reapplication of the stimuli — i.e., reci-uitment had 
not sub.sided. As the rest periods Avere lengthened the responses obtained upon 
restimulation became progressively smaller, and with relatively long rest periods 
all signs of the previous recruitment disappeared. 



Fig. 1. Subsidence of the process underlying recruitment. Veratrine: 2 mgm. per kgm. 
The nerve Avas stimulated at a frequency of 20 per sec. (circles) or 50 per sec;' (crosses). 
When recruitment had reached an equilibrium the stimuli Avere discontinued for a short 
period (abscissae, time in sec.) and Avcrc then reapplied. The ordinates correspond to the 
amplitude of the responses (in conventional units) upon rencAval of stimulation. With 
short intervals (less than 0.35 sec.) of rest, the previous recruitment did not subside; Avith 
long intervals (more than 0.7 sec.) it subsided entirely. 

The .term-s “relatively brief” and “relath^ely large” are u.sed becau.se the inter- 
vals necessar}" for partial or total .subsidence of the recniiting proce.ss varied 
Avith the dose of veratrine, and the frequency and inten.gity of the .stimuli. An 
increase of anj^ of. these three factors resulted in longer enduring recraitment. 
Of the three the most important AA-as the amount of drug; the other tAvo caused 
significant, but relatiA'ely small changes. 

' With fixed experimental variables the results AA-^ere consistent. . plotting 
the amplitude of the response upon rencAval of the stimuli against the interval 
of rest from stimulation cinwes AA'ere consti-ucted Avhich illustvate the time course 
of subsidence of the process responsible for recruitment. Figure 1 illustrates 
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two typical curves for stimulation with shocks of fixed intensity at frequencies 
of 20 and 50 per sec., respective!}’', in one preparation. The intensity was suffi- 
cient to insure maximal responses vdth both frequencies after i-ecruitment. 
Similar curves were obtained when the responses were submaximal after re- 
ciTiitment. 

The results agreed in the two series of observations. Thus, if a relatively 
high frequency was necessary for recruitment in given experimental conditions, 
then interruption of a train of stimuli for relatively short periods was sufficient 
for the disappearance of the pre-e.xisting recruitment; conversely if recruitment 
took place vith slow frequencies of stimulation then relati^’ely long gaps in a 
train of rapid stimuli did not cause a decrease of response. 

C. Conditioning of recruitment hy previous stimxdation of the same fibers. In a 
series of observations trains of just liminal stimuli were applied first to one pair 
of test electrodes and then, with a brief or no pause, to another pah. The 


A — — w B 
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Fig. 2. The influence upon recruitment of changing the stimulating electrodes in the 
course of a train. Veratrine: 1 mgm. per kgm. .4, recruitment upon stimulation of a 
central pair of electrodes; and B, upon stimulation of a more peripheral pair. C, stimula- 
tion first of the central pair, as in A, and, at arrow, shift to the peripheral pair, as in B. 

In this and the following figures, the records show the monophasic spike potentials of 
the A fibers of the peroneal nerve. The stimulus artifacts were usually too small for 
detection. Unless otherwise stated, the records begin with the first response to a train of 
stimuli, after a sufficient rest for return to basal conditions. The time calibration corre- 
sponds to 1 sec. 

purpose of these observations was to elucidate the importance for recruitment 
of subthre.shold local effects at the site of stimulation (see discussion). Typical 
records are reproduced in figure 2. A comparison of B noth C shows that the 
amplitude and course of recruitment upon stimulation of the peripheral test 
electrodes was greater and faster, re.spectively, after stimulation through the 
more central electrodes than mthout this previous central stimulation. 

In another series of experiments a frequency of stimulation (/) was determined 
which failed to produce recruitment when applied to either of the two pairs of 
test electrodes singly (fig. 3 A and B), but sufficiently rapid so that doubling the 
rate resulted in clear recraitment (fig. 3 C and D). If the initial frequency / 
was then applied to each of the two pairs of electrodes alternating the shocks, 
so that each site of stimulation was activated vith a rate / but the nerve as a 
whole Avith a rate 2/, then clear recruitment was seen again (fig. 3 E). 

D. Conditioning hy stinndation of adjacent fibers. In some experiments Aveak 
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stimuli "were applied to the lower pair of test electrodes with a given frequenc}’. 
xyter recruitment had reached a submaximal level of equilibi-ium a single 
maximal shock was applied to the upper pair of test electrodes, without interrup- 
tion of the repetitive train. Figui-e 4 illustrates characteristic effects. After 


A 


B 


C 


D 


E 


Fig. .3. Indcpenclenco of recruitment from the site of stimulation. Veratrinc: 1.5 mgm. 
per kgm. .A and B, stimulation at a slow rate of a central and a peripheral pair of elec- 
trodes, respectively. The distance between the two stimulating cathodes w.as 2 cm. C 
and D, as in A and B, but with twice the rate. E, successive alternating stimulation of the 
central and the peripheral electrodes so that each pair delivered shocks with the same 
frequenc 3 ' as in A and B, but the nerve as a whole was stimulated at the rate used in C 
and D. 




I 1 

Fig. 4. Conditioning of recruitment bj- stimulation of additional fibers in a nerve. 
Veratrine: 1 mgm. per kgm. Continuous stimulation of a relatively peripheral pair of 
electrodes at the rate of 4.3 per sec. in A and G4 per sec. in B. The stimuli, quite weak, 
had been on for some time before the beginning of the records. The first large e.xcursion 
is a maximal response to a single shock applied to a more central pair of electrodes, the 
following responses correspond to the continued stimulation of the lower pair. 

the single maximal stimulus the respon.se.s first increased and usually later 
decreased to regain their original level after set'eral seconds or minutes. As 
.shown in the figure the frequency of te.st .stimulation did not alter significantly 
the results. The reversible increase of response was accurately reduplicated if 
another conditioning .stimulus was applied after a sufficienth' long interval 
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(1 min. or more). If a conditioning shock was given before the effects of a pre- 
vious stimulus had entirel.v subsided an increase was seen, but it was less striking 
and briefer than that elicited by the first conditionmg .shock (fig. 5). 

In other observations the conditioning stimuli were applied to the bmnches 
of the peroneal not included in the recording electrodes. The procedure fol- 
lowed was to record the responses to a train of test stimuli without and with a 
previous conditioning shock. In figure 6 are reproduced typical results. It is 



Pig. 5. As in figure 4, but shou’ing the influence of repeated conditioning. In A are 
seen the effects of a first conditioning shock to the proximal pair of electrodes. An addi- 
tional conditioning shock was given 5 sec. later. B shows the effects first of a 3rd, and 
then of a series of conditioning shocks delivered 10 sec. after the end of A. 



I 1 

Pig. 6. Conditioning of recruitment by stimulation of adjacent, non-recording fibers. 
The test stimuli Avere applied to the sciatic and the record was from one of the branches 
of the peroneal. A shows unconditioned recruitment. B and C show the influence of a 
single maximal shock applied to the non-recording branches 0.64 and 1.35 sec., respectiveb", 
before starting a train of stimuli similar to that in A. The arrows indicate the application 
of the conditioning stimuli; the slight accident in the baseline is the stimulus artifact; 
there was no response of the recording fibers to conditioning stimuli even stronger than 
those used for the records. 

clear that the rate of recruitment was markedlj'- greater after conditioning, even 
if the conditioning shock preceded the te.st train by 1.35 seconds. 

Discussion. Gasser (1938) considered two explanations of recruitment. The 
first was random fluctuation of thresholds. The shocks would liegin stimu- 
lating the fibers when the}'^ happened to become hyperexci table and then ivould 
hold them because succeeding shocks would fall in the supernormal phase of 
the preceding response. He gave arguments for dismissing fluctuation of 
thresholds as the onlj'^ or main source of recruitment. The second explanation, 
which Gasser favored, Avas that subliminal excitation ma.v sum over long inter- 
vals. The excitability curA’-e folloAAung a subthreshold shock Avould be con- 
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tinned after the well known initial periods of latent addition and of postcathodal 
depression bj’’ a second summation period, variable in extent and duration. The 
process responsible for the second summation period would be localized to the 
region of the stimulating cathode and would lun entii-ely subthreshold. In 
proof of the existence of this late period of increased excitability were the results 
of experiments -with trains of subthreshold conditioning stimuli and Avith single 
submaximal test shocks, the cathodes for the stimuli from the two sources being 
superimposed. These experiments showed clearh^ that there was a late period 
of increased excitabilit 3 ^ 

A third possibility, not considered bj’ Gasser, is that recruitment might also 
be due to the interaction of fibers adjacent in a nerve trunk. If impulses over 
some fibers should increase the excitabilitj’^ of neighboring fibers for a sufficiently 
long time, then recruitment would occur as a I'esult of this increase. This 
prolonged enhancing interaction does in fact take place, especiallj^ after injec- 
tions of veratrine (Rosenblueth, 1943). 

The experiments illusti’ated in figure 2 show that recruitment at a lower pair 
of electrodes develops at a given time fulty as well or better if a certain number 
of shocks has been administered previou-sty to a different upper pair of electrodes 
instead of being applied to the same lower pair. This obsei'vation indicates that 
previous subliminal stimulation of a given region of the nerve is not indispensable 
for recruitment. In the record in figure 2 C, when the site of stimulation was 
shifted, although undoubtedlj’- a good manj'- of the pi-eviousty responding fibers 
remained active, it is probable that some of them became silent and that other, 
previous^ inactive elements suddenly came into pla 5 \ The e.xpression “condi- 
tioning by previous stimulation of the same fibers,” used in describing those 
experiments, is therefore onty approximate. 

The observations illustrated in figure 3 add further, stronger evidence in sup- 
port of the view that interaction is the most important factor for recruitment 
after veratrine. At the slow frequencj’' applied to each of the test electrodes 
in E the local effects were not sufficient to cause recruitment (A and B). With 
the faster frequencj" used in C and D recruitment took place, much as in E. It 
maj" be concluded, therefore, that the important factor for recruitment in these 
experimental conditions is not the rate at which an^^ given point is stimulated, 
but the rate at which the nerve fibers respond— -i.e., recruitment was brought 
out not by the stimuli, but bj" the responses. 

Finall.y, the observations in figure 6 .show conclusivel.y the influence of inter- 
action on the process of recruitment. The activity of some fibers promotes 
recruitment in other adjacent elements. This influence is not localized to an}”^ 
specific region, but is exerted all along the nerve. 

The late increase of excitability responsible for recruitment maj’’ be long last- 
ing (fig. 1). The horizontal, earty portion of the curves in figure 1 need not be 
interpreted as showing that the undertying proce.ss is constant for a certain period 
and then rapidty .subsides. The stimuli are probably .supramaximal for the 
res])onding fibers during those early intervals. This interpretation is supported 
b,y the i-esults described in p. 197, which .show that once a fiber is recruited in the 
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course of a train of stimuli the shocks are indeed above the threshold of that 
fiber, since the stimuli ma^^ be weakened considerabl.y without any decline of 
response. The decline of the process underljdng recruitment probably begins 
much sooner than is shown by the curves in figure 1. 

Evidence has been presented elsewhere (Rosenblueth, 1943) which indicates 
. that the prolonged influence of activity in some fibers on the excitability of 
adjacent elements is exerted by a chemical factor, rather than by an electrical 
field — specifically, the release of K ions is suggested. The demarcation poten- 
tial, is often attributed to the difference of concentration of K iops inside and 
outside axons. It might appear then trivial to stress that interaction is chemi- 
cal, rathei- than electrical, since changes in the e.xternal concentration of K 
would lead to changes of electrical potential. By a chemical action is meant 
here that it is not an}’" electrical sign of the response of the conditioning 
fibers, but. the liberation of a chemical agent, that modifie.s the excitabilit 3 ' of 
neighboring elements. This chemical agent ma.A’^ Avell cause changes of the elec- 
trical equilibrium of the active and of the, influenced elements. 

There is no strict correlation between the changes of electrical response iiro- 
duced b\' veratrine and the appearance of reci’uitment (p. 197), Furthermore, 
the time course of the subsidence of the recruiting factor (fig. 1) is not similar 
to that of the regression of the negative aftei’-potential. The data suggest, 
therefore, either that changes in the concentration of K ions are not the onty 
source of potential differences in nerve, or else that some unknown chemical 
substance other than iiotassium maj^ be responsible for the interaction which 
leads to recruitment, h'lore evidence than that available is necessar 3 ^ to decide 
betAveen these alternative explanations. 

The experiments illustrated in figaires 4 and 5 shoAv that activity of preA’ioush’’ 
inactiA'e elements ma 3 ^ lead to a rcA’^ersible recruiting effect. The conditioning 
shocks ‘elicit an increase of the test re.sponses but this recruitment is folloAA'ed 
later b 3 ' a sIoav derecmitment to the initial leA’el of equilibrium. The time 
course of the effect is not markedh" different for different frequencies of test 
stimulation (cf. fig. 4, A and B). Obvioush'^ the important factor is the amount 
of chemical agent released b 3 ^ the conditioning stimulus. These results are com- 
parable Avith those reported b 3 ' Rosenblueth (1943), in AA'hich the conditioning 
stimulus AA'as applied to non-recording, instead of to the tested elements, as AA*as 
done here. 

The results in figures 4 and 5, hoAA'CAmr, do not impty that the chemical agent 
released during the actiAdt 3 '^ of a given fiber can influence onty the electrical 
excitability of neighboring elements and cannot modif 3 ^ the excitability of the 
active fiber itself. Indeed,' the action of the agent should be maximal on the 
fiber AA'hich releases it . This mference is .supported b 3 ’- the supramaximality of the 
test shocks after recruitment, discussed above. The reA^ersible effects of figure 4 
are explained if it is assumed (see Rosenblueth, 1943) that the amounts of the 
chemical agent decrease AA'ith the successtye discharges during repetitiA’-e actua- 
tion (fig. 5). A large concentration of the agent caused bA' the large conditioning 
volley Avould then decrease in time to a loA\-er relatiA*el3' stead3' leA’el. 
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If chemical interaction were the only factor whicli could cause recmitment 
the occurrence of the phenomenon would always depend on the activation of. at 
least one nerve fiber b 3 '^ the first stimulus in the train. The observations of 
Gasser (1938), confirmed here (p. 197), of instances of recruitment in response 
to trains of stimuli initially subliminal for all the elements in the nerve tmnk 
indicate, therefore, that the late period of local summation of shocks is also an 
effective mechanism for reciviitment. It is inferred, therefore, that both mecha- 
nisms are at plaj'^ in anj’^ given observation in which a fixed cathode is used foi' 
stimulation. li\Tien slow shocks are administered Avith a variable cathode 
(fig. 3), then onl}’" interaction can account for the increment of successive 
responses. 


SUMMAEY 

Recruitment — a progressive increase of the number of nerve fibers stimulated 
hy a train of submaximal test shocks — was studied in the circulated peroneal 
nerve of cats under dial anesthesia after injections of A’^eratrine. 

The process aa^WcIi underlies recruitment after A’^eratrine can be long endurhig 
(fig. 1). The time course of this process is not parallel Avith that of the negative 
afterpotential (p. 197). 

Recruitment is uninfluenced bA’- changes in the site of stimulation of a ner\'^e 
in the course of a train of stimuli (figs. 2 and 3). It is elicited, therefore, bA' the 
responses, not necessarilj^ by local effects of the stimuli. 

Recruitment is promoted bj’’ single shock stimulation of the same (fig. 3) or 
other fibers in the nerve than those tested (figs. 4 to 6). Tjie influence of the 
untested fibers shoAvs the importance of interaction of the seA^cral elements 
in a neiwe trank for the development of recraitment. 

It is suggested that recraitment is due to seA’^eral factoi’s; random changes of 
threshold (Gasser, 1938) ; local subthreshold changes of excitabilitj’’ (Gasser, 
1938); and interaction exerted bj’" the release of a chemical agent, probablj’^ R 
ions, bj’’ the actRe fibers (p. 202). After injections of A'eratrine the factor of 
interaction is the most prominent. 
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Decreased appetite is frequeritl}’- observed in hot weather and there is a wide- 
spread iDelief that high environmental temperatures have a depressing effect on 
gastric activity. Some experimental evidence designed to explain a decreased 
appetite during hot Aveather has been presented (1, 2). The lack of appetite 
Avas interpreted as being correlated with an increased gastric emptymg time. 
The present report is a comparative studj’^ of the gastric emptying time of 17 
young men at temperatures of 77°F. and of 120°F. 

Methods. The 17 subjects w^ere normal 3 ’’Oung men ranging in age from 
18 to 28 3 ’’ears Avho Avere free from any obseiwable gastro-intestinal abnormalities. 
None of the men AA^ere heat acclimatized at the time that the gastric emptying 
times AA^ere studied. 

The subjects reported to the Laboratory in the morning AAdthout breakfast. 
After one-half hour of rest in the air-conditioned rooms a standard barium meal, 
consisting of 4 ounces of cooked oatmeal to aaRIcIi 2 teaspoons of sugar and 2 
ounces of barium sulfate AA'ere added, AA^as eaten as rapidlj’- as possible. At 
exactlj'- fiA'^e minutes after starting the barium meal the first x-ray picture Avas 
taken. The second x-ra}^ picture Avas taken at one hour and from then on the 
progress of the meal AA^as folloAA^ed by means of fluoroscopy at 15 minute intervals. 
X-ray pictures Avere taken AAReneA'^er a decided change in size of the stomach 
shadoAv Avas observed. The final emptjdng time Avas confirmed by an x-raj’’ 
picture. The x-ra 3 "s and fluoroscopy AA^ere done in the standing position. Be- 
tAveen observations the subjects remained seated. 

This entire procedure for estimation of the gastric empt 3 dng time Avas deter- 
mined on three occasions for each subject. The first time the temperature Avas 
77°F., the second time 120°F. and the third time it AA^as again 77°F.; the relative 
humidity AA'as 50 per cent of saturation at both temperatures. An inten’^al of 
4 to 7 da 3 "s separated each experiment. 

The gastric shadoAA’S Avere traced onto paper from the deA’^eloped x-ray films 
and the areas of the .shadoAA^s AA^ere measured Avith a planimeter. All the gastric 
areas Avere expressed in per cent of the area at fiA^e minutes after eating the barium 
meal. Tlie Amines for the tAA'o empt3dng times at 77°F. Avere aA'eraged. 

Result.s. The major results are summarized in table 1. For anal 3 Asis of the 
data the subjects Avere diAuded into four groups. Group I includes all 17 sub- 
jects, group II includes the 12 subjects aa4io had a decreased gastric empt 3 ing 
time in the heat, group III includes the 4 subjects aa-Iio had nearly comparable 
gastric emptying times in the heat and at normal temperatures and group D'’ 
includes the 1 subject Avho had an increased gastric empt3^ing time in the heat. 
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A statisticalb'- significant decrease in gastric emptying time in the heat occurred 
(t-value for group I — 13.3) . Seventy-one per cent of the subjects had a markedly 

TABLE 1 


The means and the standard deviations of the final gastric emptying limes at 77°F . and 

120°F. for groups I, II, III and IV 


TEMPERATURE 

CROUP I 

j , CROUP II 

CROUP III 

GROUP IV 


120°F. 

77T-. 


77‘‘I'. 

120°F. 


noT. 

Number subjects 

17 

17 

12 

12 

4 

4 

1 

1 

Mean emptying time — minutes 

170 

136 

178 

125 

163 

150 

105 

210 

S.D. ± minutes 

55 

47 

52 

39 

62 

61 


— 

A emptying time — minutes 


-34 


-53 


-13 


-flOo 

Per cent A in emptying time 


20 


30 


8 

■ 

100 





Graphs Bhov.-ing the rate of gastric emptying at 77°F. (solid lines), and at 120°F. (broken 
lines). 

Fig. la. Average rate of gastric emptying for all subjects (group I). 

Fig, lb. Average rate of gastric emptsdng for the 12 subjects that had a marked reduc- 
tion in emptying time in the heat (group II). 

Fig, Ic. Subject No whose gastric emptying time was increased in the heat. , 

Fig, Id. Subject Du who showed the greatest reduction in gastric emptying time in the 
heat, 

decreased emptying time in the heat and 23 per cent had a small decrease in 
emptying time. Only one subject had an increased emptjdng time in the heal. 
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It is apparent that a decreased gastric emptjdng time is the usual response to 
the heat. 

The acceleration of gastric motility in the heat is more pronounced in the later 
part of the gastric emptying phase. Figures la and lb illustrate the fact that 
during the first hour the per cent of the barium meal that has left the stomach 
is only slightly greater at 120°F. than at 77°F. 

The final gastric emptjnng time varies vathhi Aride limits in different individu- 
als — ^from 105 to 270 minutes at 77°F. and from 90 to 240 minutes at 120°F. 
The means were 170 and 136 minutes respectivelju The extremes of the effect 
of heat on the gastric emptjdng time are .shovm in figures Ic and Id. Subject 
Du (fig. Id) had a decrease in gastric emptying time of 120 minutes in the heat 
while subject No (fig. Ic) had an increase of 105 minutes in the heat. 

Discussion. Meyer and Carlson (1) and Sleeth and "S^an Liere (2) observed 
that in the dog exposure to high environmental temperatures decreased hunger 
contractions and increased the gastric emptying time. Tliej’' suggested a cor- 
relation betAveen the decreased gastric motility in dogs and gastric derangements 
and loss of appetite in humans during heat AA^aves. The apparent discrepancy- 
in results obtained from dog and the present human experiments may be species 
differences. Differences in ability to regulate body temperature could not be the 
explanation. Neither the dogs nor the humans had more than a negligible in- 
crease in body temperatures. 

Gastric tone and motility liaA'-e been reported to be either increased or decreased 
by local applications of heat to the abdominal AA'all in dogs and humans (3, 4, 5). 
Raising the temperature of the normal human stomach b}^ means of diathermy 
increases gastric motor function and decreases gastric emptying time (6, 7) but 
this is a different situation than the present or that in hot Aveather Avhero the 
general body temperature is not appreciabty eleAmted. 

Decreased appetite and the desire for special foods during hot AA'eather cannot 
be exiilained on the basis of decreased gastric motor function but ma 3 '^ be related 
to decreased general actiAuty. WlieneArer possible men tend to be less active 
AA'hen the cnAdronmental temperature is high. During the course of obserAmtions 
on about 100 jmung men Avho AA^ere AA'-orking in temperatures of 120°F. in this 
Laboratoiy there aa^ts no striking lack of desire for food except in the men actuall}" 
sufferhig from heat exhaustion or prostration. 

P.sychological and emotional factors associated AAuth the unpleasantness of hot 
AA'cather may influence appetite but they do not haA^e any depressing action on 
gastiic motility. The mechanism bA-- AAfliich high environmental temperatures 
increase gastric actiAuty is not IvIioaati. 


SUM.ALVRY 

1. Gastric emptying times AA'ere obseiwed on 17 normal jmung men in rest at 
enAuronmcntal temperatures of 77°F. and 120°F. 

2. In all but one of the subjects the gastric emptying time AA'as faster at the 
high temperatures. Taa’cIvc of the subjects had an aA'crage decrease of 30 per 
cent in the gastric emptjdng time AA’hen the temperature Avas 120°F. 
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3. Observations on about 100 normal men doing hard work at 120'’F. failed 
to indicate any lack of appetite or any signs of decreased gastric activity except 
in actual heat exhaustion. 
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The point of departure for this work Avas our previous finding that lethal doses 
of certain barbiturates could be antidoted by the administration of sodium 
succinate (1). Tliis Avas based upon the preAuous discoArery of Quastel (2) that 
the barbiturates inliibited 'the oxidizing systems of the neiwous tissues for glucose, 
lactate and pyi-uA'-ate. Hence the succinate AA'hich A\^as supplied represented 
utilizable substrate beloAv the level at Avhich metabolism Avas blocked, and 
sustained the life of the neiwous sj^stem until the barbiturate Avas destro 5 '^ed or 
excreted. 

We hypothesized that the progressive tissue anoxia in shock might damage the 
oxidizing systems of the neiwous tissues in a similar manner. When damage to 
the central neiwous S 3 ’’stem and particularly to the midbrain had progressed to a 
sufficient degree, restoration of the blood Amlume and of the blood pressure Avould 
no longer lead to the permanent recoA'^eiy of the respiratory and vasomotor 
centers. In other Avbrds the so-called “irreversible” stage of shock would have 
been reached. Under these circumstances it seemed possible that the more 
complex, less resistant and less abundant oxidation systems for glucose, lactate 
and pyiiiA'^ate might be damaged before the system for succinate Avas inArnh'^ed. 
Sodium succinate might therefore be useful in proAuding sufficient energy for 
cell function and for the restoration of the damaged enzjune proteins. 

The results of the present Avork show that the use of sodium succinate in 
conjunction AAuth the restoration of blood volume brings about the recovery of a 
large proportion of animals from the so-called “irreversible” stage of hemorrhagic 
shock. HoAA^ever the results also indicate that the beneficial effect of the sodium 
succinate is due in large measure to the sodium ion. The succinic acid radical' 
contributes someA\Lat to the therapy; but it is not specific, for it can be i-eplaced 
bj’- either lactate or glucose. This is in accoi-d Avith the results of in vitro Avork, 
to be reported at a later date, Avhich failed to indicate any impairment of the 
respiratory capacit.y of brain and cardiac tissue removed from animals in shock 
and at the point of death. The present Avork therefore emphasizes the rather 
forgotten factor of acidosis in shock and indicates that it may be important in 
defermining the so-called “irreversibility” of far adAmnced shock. 

* The A\’ork described in this paper was done under a contract recommended by the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development 
and the Michael Reese Hospital, Chicago, Illinois (Responsible Investigator, Samuel 
Soskin). 

® A part of the Committee on Shock of the Michael Reese Hospital. 
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Methods. A .series of 64 clogs was brought to the “irreversible” stage of 
shock by repeated Ideeding. The animals Avere not anesthetized but Avere 
gentled by hand and voice and induced to lie ciuietly on animal boai’ds, Avith 
some restraint by the use of ropes. The femoral vessels of both hind legs Avere 
e.vposed under local anesthesia (1 per cent procaine). One femoral artery Avas 
connected to a recording mercury manometer through a system filled Avith 
heparinized^ saline.* The femoral artery and vein of the oppo.site limb Averc 
cannulated to serve for bleeding and reinfusion re.spectively. 

Tlie blood pressure Avas recorded continuou-sly and detei-minations of the CO2 
capacity of the blood plasma Avere made at frerjuent intciwals. The bleeding 
Avas done in stages as illustiated by the typical experiment in figure 1. The first 
bleeding amounted to roughl}'^ 20 per cent of the calculated blood Amlume on the 
basis that blood A'^olume comprises 1/13 of the body AA'eight (3). Fifteen to thiity 



Fig. 1 . A typical experiment showing the amounts of blood withdrawn, the blood and 
supplements reinfused, and the lime intervals involved. Note the parallelism between 
the changes in blood pressure and in the CO« capacity of the blood plasma. 

Fig. 2. The range of values of certain critical data within each experimental group 
arranged so that the averages for the different groups can be compared. Note that all the 
average lines, except that for percentage survival, are essentially horizontal. 

minutes later an additional .5 to 10 pci' cent of the calculated blood Amlume tA'as 
remoA’^ed. This usually reduced the blood pressure to beloAv 80 mm. Hg. 
Further AvithdraAA'als of blood Avere guided by the reactions of the particular 
dog and were made in amounts and at inteiwals such as to reproduce a moi’c or 
less st andard pattern for all our animals, ddiis pattern Avas the rapid i-eduction 
of the blood pre.ssure to 50 mm. Hg or less and a sloAver decline oA^er a period of 
14 to 2 hours to the loAvest pressures compatible with life. Therapy Avas Avith- 

® The heparin preparation employed Avas "Liquncmin” generously supplied by Hoffmanr 
La hochc, Inc. _ j. 

•' The avoidance of sodium citrate .as an anticoagulant for this purpose is .a matter 0 
some practical import.-mce. The fall in blood pressure as shock is induced allows the back- 
flow of a certain amount of the anticoagulant from the apparatus into the animal. Sodium 
citrate in such amounts and under such circumstances may contribute to the deterioration 
of tlie animal. 
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held until the CO 2 capacity of the blood plasma fell to 15 vol. per cent or less. 
In some cases f his level was not quite reached but it was clinically obvious that 
the animal ivas at the iioint of death. These criteria more than fulfill the 
conditions of in-eversibility reported bv Wiggers (4) and by Xccheles, Levinson 
et al. (5) (6). Our omui control experiments (table 1, group 2) show that only 
25 per cent of such animals recover e\'en Avlien reinfused Avith the total amount 
of whole blood which Avas AA’ithdi-aAvn. 

Wnien the desired criteria for “irreversible” shock Avere obtained different 
groups of our animals Avere treated as listed bcloAA'. Except for the first control 
group all animals A\-ere reinfused Avith the total amount of blood AA’hich had been 
AvithdraAni, minus the amount lost bj' sampling and by unaA'oidable Avaste. In 
the second control group the difference belAA-een the amount of blood AA'ithdi-aAni 
and that aA^ailable for leinfusion (about 50 cc.) Ava.s replaced by })h.ysiological 
saline. In all the other groups this difference in A'olume aams made up bA’’ solu- 
tions of the supplements noted. The point to be emphasized is that each animal, 
except those in the first control group, Avas reinfused A\-ith a Amlume of fluid 
(blood and supplement) equal to the total A'olume of blood AA’hich had been 
AvithdraAA’n. 

1. First control group (nothing reinjected). 2. Second control group (wfiiole 
blood). 3. I^Hiole blood and sodium succinate (0.42 gi-am of the anhjKlrous 
salt per kgm,). 4. Whole blood and sodium lactate (0.58 gram per kgm.), 
5. Whole blood and sodium bicarbonate^ (0.43 gram per kgm.). 6. Whole 
blood and glucose (0.38 gram per kgm.). 7. Whole blood and glucose and 
sodium bicarbonate.® The amounts of Na'^' and of metabolizable substrate 
Avhich AA’ere administered to the different groujis A\ ere calculated to bo equimolar. 
Heparin, in minimal amounts, Avas added to the blood as AvilhdraAvn. Pending 
its use later in the experiment, the blood Avas kept in a P 3 Tex flask in a refilgerator 
at 5°C. and Avarmed to bod.y temperature just before roinfusion. This handling 
prevented hemolysis Avhich Avould othenvise occur. 

About one hour after the reinfusion of blood and other materials the cannulae 
AA'ere remoA'ed and the blood Amssels tied. The Avounds Avere packed Avith 
poAvdered sulphathiazol and sutured. The animals A\’ere returned to their 
quarters and alloAA’ed small amounts of drinking Avater at intervals during the 
evening of the experiment.''' B,y the next morning those animals Avhich suiviA’ed 
seemed quite Avell and Avere placed on a free Avater and food intake. None of our 
animals developed significant infections of their wounds. 

Throughout these experiments the animals either died Avithin 18 hours after 
the institution of therap 3 '’ or surAUAmd indefinite^’’. Most of the animals Avhich 
died exhibited at })ost-mortem examination, the hemorrhagic state of the upper 
intestinal tract typical of far advanced shock. B3’’ indefinite sundA'-al Ave mean 

^ In order to avoid liemolj’’sis the NallCOa was not ini.xed with the blood to be reinfused 
but was administered separatelj’ in aqueous solution. The other materials were mi.xed 
with the blood just before reinfusion. 

If water ad lib. is allowed they tend to do themselves harm bj’ overfilling the stomach, 
which results in vomiting. 
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that the animals were kept under obsen'-ation for at least 10 days and at that 
time were outwardly perfectly well . There was one exception to this general rule. 
He lived for 4 da 3 "s and was counted as a delaj^ed death from shock. 

Results. The data for all our animals are summarized in table 1. It must 
be pointed out that the grouping of the results does not represent the order in 
which the particular animals were used. Everj* effort was made to alternate 

TABLE 1 


Effects of different treatments upon the survival of dogs brought to the so-called 
“irreversible” stage of hemorrhagic shock 
(The experimental data given are the average values for each group.) 


TEEAmEKT ^ 

NO. DIED 

NO. SURVIVED 

BLED 

PER 

CENT* 

miE IN 
SHOCK,** 
HRs.:inN. 

BLOOD PRESSURE, 

iOl.Hg 

PLASMA 

CO2 CAPAOTV 
VOLS. PER CEIiT 

PER 

CENT 

SUR- 

VIVAL 

Control 

U 

o 

w 

1 

cr 

w 

V 

? 

Control 

Shockt 

Therapy t 

1. Untreated control 

8 

0 

37 

\ 

3:38 

145 

28 


37.2 

18.7 


0.0 

2. Reinfusion of the with- f 

6 


41 

3:38 

136 

27 

64 

41.8 

16.7 

26.1 


draAVD blood \ 


2 

44 

4:23 

130 

28 


35.6 

14.5 

27.9 

25.0 

3. Blood and sodium succi- / 

4 


32 

3:59 

114 

28 

89 

33.7 

11.2 

34.5 


nate \ 


4 

40 

3:45 

138 

34 



15.9 

36.9 

50.0 

4. Blood and sodium lactate | 

2 


26 

2:45 

165 

30 

115 


9.7 

31.5 

1 




6 

42 

4:49 

134 

29 

121 

37.1 

12.4 


75.0 

5. Blood and glucose | 

5 


52 

4:54 

135 

27 

82 

35.6 

12.3 

21.4 




3 

27 

4:38 

127 

32 

105 

32.8 

14.1 

22.1 

37.5 

6. Blood and sodium bicar- f 

4 


28 

5:24 

125 

31 

74 

35.9 

16.8 

64.8 


bonate \ 


4 

44 

4:12 

131 

26 

113 

33.3 


68.8 

50.0 

7. Blood -f glucose + so- ( 

6 


34 

3:10 

131 

22 

87 

43.4 

15.7 

51.4 


dium bicarbonate \ 


10 

47 

3:32 

128 

25 

107 

41.2 

!i5.8 

i 

62.1 

62.5 


* Indicates per cent of calculated blood volume, on the basis of 1/13 of total body weight. 
** Indicates the time which elapsed from the first bleeding to the advent of the "irre- 
versible” stage and the beginning of therapy. 

t Recorded just before therapy was started. , 

t Recorded at least one hour after therapy was given, when dog was ready to return to 
animal quarters. 

experimental animals from different groups in order to avoid the influence of 
seasonal, nutritional and other chance factors. The effectiveness of this pro- 
cedure is indicated in figure 2, which .shoAvs the comparability of the various 
experimental groups as regards average Aveight, the proportion of blood Avith- 
draAvn and the loAvest leA'^els of blood pre.ssure and of plasma COo capacitj’’ Avhich 
Avere reached in the production of .shock. It may be seen that Avhile there Avas a 
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coDsiderable range of each of these values within each group of animals, the 
lines drawn tlirough the a^'erage A^alues for each group are essentiallj’^ horizontal. 
Only the graph representing percentage sundval shows a real ti-end, and this is 
very significant. 

Figure 3 graphically’' compares the results as regards survival in the different 
groups. It maj^ be seen that all the animals which received no treatment died, 
and that only 2 of the 8 animals (25 per cent) to which all the withdraAvn blood 
was restored were able to sundve. When sodium succinate was added to the 
administered blood, 4 of the 8 animals (50 per cent) survived. As a test for 
the specificity of succinate a similar group of animals was treated with sodium 
lactate as the supplement. The results with lactate were as good or better than 


No. of 


I>Ogfi 


8H 


{ } Survived 



1 - No Therapy 

2 - Blood 

3 - Blood + Glucose 

4 - Blood + NaHCC^ 



5 - Blood + Ha Succ. 

6 - Blood + Na Lact. 

7 -\Blood + NaHCC^s + 

8 -j Glucose 


Fig. 3. Summary of results as regards number of dogs which survived or died in each 
experimental group. Each group consists of 8 dogs, and they arc paired into larger groups 
of 16 according to the type of supplementary therapy. 

v'ith succinate, 6 out of 8 animals (75 per cent) surviving. In A’icAv of this lack 
of specificity it became of interest to test the Na+ and the substrate components 
separately. When glucose Avas used as the substrate supplement, only 3 out of 
8 animals (37.5 per cent) suiwived. In contrast to this the administration of 
sodium in the foim of NaHCOa enabled 4 out of 8 animals (50 per cent) to 
survive. It Avas thus evident that the correction of the acidosis by the sodium 
component of the succinic and lactic acid salts Avas responsible for part of the 
benefit obtained. But it also appeared that additional metabolizable substrate 
probably contributed to the results. For these reasons a larger series of animals 
Avere tested by using both NaliCOs and glucose as supplements to the restored 
blood. Ten out of IG animals or 62.5 per cent recoA'-ered from so-called 
“irreA'^ersible” shock. 
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Discussion, Our results demonstrate that a large proportion of animals in 
so-called “irreversible” shock, at least of the hemorrhagic type, can be success- 
fully treated. The necessary supplements to the restoration of blood volume 
are alkali and metabolizable substrate, and of those the former is probably of 
major importance. 

Many years ago Yandell Henderson (7) first drew attention to the acidosis of 
shock. During the First World War, Cannon (8) (9) (10) elaborated on the 
subject. He pointed out the straight line relationship between the fall in blood 
pressure and the reduction in alkali reserve, as confinned in our own work and 
illustrated in figure 1. He also emphasized the deleterious effects of acidosis 
upon the contractile power of the heart and the state of the capillaries. On the 
basis of these facts he was responsible for the use of NaHCOs solutions intra- 
venously as a pre-operative measure in severely Avounded men, and reported 
that this measure helped to maintain the blood and pulse pressures and in 
general led to favorable post-operative results. 

The importance of acidosis in .shock graduall}’^ came to be disregarded for 
several reasons. First, similar degrees of acidosis produced in noiTnal animals 
by the administration of lactic acid were not accompanied by the criteria of 
shock. Second, McEllroy (11) reported that liis shocked animals were not 
benefited by the administration of NaHCOa solutions. And tliird, NaHCOs, 
was not tested as a supplement to whole blood or to plasma therap 3 % 

To the above doubts as to the value of NaHCOs in shock it maj’' now be 
replied that, even though acidosis is a result rather than a cause of shock, it is 
still an important complication and one which maj’’ make the difference between 
death and recoveiy when blood volume restoration is the only treatment. It 
should also be pointed out that McEllroy ’s conclusions Avere based largely on 
neurogenic shock and that in hLs shocked animals there Avas little or no acidosis. 
Finally NaHCOs solutions cannot be regarded as a sulDstitute for Avhole blood or 
blood plasma and therefore cannot be expected to giAm beneficial results Avithout 
them. 

Our results hold promise of improved mortality statistics for the treatment of 
far advanced shock on the battlefield. But much remains to be done. Because 
Avhole blood is not rcadilj’- available under those conditions, blood plasma supple- 
mented A\fith NaHCOs and glucose must be tested. The latter combination 
should also be tried on tjqies of .shock other than hemorrhagic. Finallj’’ the 
simplicity and abundance of the materials suggest the prophylactic use of a 
SAveetened alkaline drink for injured men in early shock, for Avhom prompt blood 
volume replacement is not likely to be available. 

SUMMARY AND CONCLUSION 

1, Acidosis, Avhile not a cause of shock, is an important factor in determining 
the reversibilitj'’ of far adA^anced .shock. Its relationship to shock Avas noted 
many years ago and then forgotten. More recently’- its value as a criterion of 
the scA'crity of shock Avas emphasized by Nechcles and LcAmson (5) (12), and is 
confinned by the present Avork. 
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2, In this Avork the criteria for the production of “irrcA^ersible” shock Avere: 
the rapid reduction of the blood pressure to 50 mm. Hg or less and a sloAA'er 
decline OA’^er a period of 1^ to 2 hours to the loAA'est pressures compatible Avith life. 
Therapy AA'as AAuthheld imtil the CO 2 capacity of the blood plasma fell to 15 Ami. 
per cent or less. In some cases this leAml aa^s not quite reached but it aa^s 
clinically obAdous that the animal M^as at the point of death. One hundred 
per cent of such animals died AA^hen no treatment Avas given, and only 25 per cent 
survived A\dien AA^hole blood Avas used to replace the total amount bled. 

3. AVliole blood supplemented by NaHCOs and glucose resulted in the indefi- 
nite survival of 62.5 per cent of dogs brought to the stage of so-called 
'‘irreversible” shock. 


NOTE 

Since this paper AAmnt to press, Ave have come across a report (Coonse, G. K., 
P. S. Foisie, H. F. Robertson, and 0. E. Aufranc. Noav England J. Med., 
212 : 647, 1935) concerning the beneficial effects of alkali therapy in humans 
suffering from traumatic and sIoav hemorrhagic shock, as Avell as in experimental 
shock in dogs. 
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The anti-fatty liver effect of pancreas or pancreatic juice has been detennihed 
in these laboratories in the following manner. Dogs delivered to the laboratorj’’ 
are carefully selected and onl}'' those used that are free of disease and are in 
possession of a vigorous appetite and a particular liking for raw meat. Such 
normal dogs are fed a diet high in protein (lean meat) and adequate in calories, 
vitamins and salts for a period of 2 to 4 weeks. The dogs are then completely 
depancreatized. After pancreatectom 3 '’ each dog is fed twice dailj'^ (at 8:00 a.m. 
and at 4:00 p.m.) a mixture of 250 grams of lean meat, 50 grams of sucrose, 
10 grams of bone ash and 1 grain of Cow'gill’s salt mixture (1). Three cubic 
centimeters of sardilene oiP and 5 grams of j’^easU are fed with each morning 
meal. In addition, 125 grams of raw pancreas are added to each meal for the 
first 2 to 8 weeks after excision of the pancreas. Eight units of insulin are in- 
jected immediately after the ingestion of each meal. YTien the dogs have fully 
recovered from the operation and have regained a vigorous appetite, the raw 
pancreas is removed from the diet and the constituent to be tested is substituted. 
The feeding of the latter is then continued for a period of 16 to 20 weeks. The 
animals are then sacrificed, the entire liver excised, ground and thorouglil}'’ mixed, 
and a sample of it analyzed for total fatty acids (2). A normal fat content in 
the liver at the end of this 16 to 20 week period is taken as evidence of the pi’.es- 
ence of the anti-fatty liver factor in the constituent fed. It has been .shown that 
a normal level of liver lipids can be maintained bj^ feeding 1, 5 grams of raw 
raw pancreas (3) ; 2, 300 mgm. of choline chloride (4), and 3, 500 cc. of pancreatic 
juice (5). It must be realized, however, that these amounts maj’- be more than 
the minimum amount ncc&ssary for maintenance of a normal liver lipid content. 

A similar method has been used to determine the lipotropic effects of substances 
in dogs in which the external secretion of the pancreas has been completely 
excluded from the gastro-intestinal tract bj’’ ligation of all pancreatic ducts (4, 5). 

The preliminaiy feeding of raw pancreas was adopted in order to ensure that, 
at the time the feeding of the constituent to be tested was begun, the dogs were 

* Each cubic centimeter of sardilene contained not less than 100 A.O.A.C. chick units of 
vitamin D and GOO U.S.P. units of vitamin A, 

-The ye.ast fed contained the following expressed in micrograras per gram: thiamine 
20-1.50, riboflavin 30-50, nicotinic acid .340-930, pyridoxinc 55, pantothenic acid 140-.3.50, 
biotin 0.7-0.8, inositol .500, choline 4000-5000. 
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ill good nutritional state, in possession of vigorous appetites and their livers 
free of abnoimal amounts of fat. Dogs that showed a vigorous appetite at the 
end of the preliminaiy period of pancreas feeding usually retained a vigorous 
appetite tlu’oughout the subsequent period when raw pancreas was no longer 
included in the diet. All factors such as caloric intake, the protein intake, the 
vitamin and salt intake as well as the amounts of insulin injected daily were 

TABLE 1 


Effect of preliminary daily feeding of 260 grams of raw pancreas on the liver lipids of 
the completely depancreatized dog maintained with insidin 


DOG NO. 

BODY WEICaT 

PERIOD OF OBSERVATION AFTER | 

PANCREATECTOMY 1 

LUTER 

Initial 

Final . 

Total 

1 Fed 

1 pancreas 

1 

Fed no 
' pancreas 

Weight 

1 

Total fatty 
acids* 


kgm. 

kgm. 

weeks 

weeks 

weeks 

1 

Sfn, 1 

per cent 

D1 

13.9 

13.5 

4 

4 

none 

433 

3.1 

D2 

9.9 

9.4 

4 

4 

none 

326 

3.0 

D3 

13.7 

13.5 

4 

4 

none 

• 401 

3.8 

D4 

12.8 

9.5 

7 

4 

3 

532 

10.7 

D5 

9.2 

7.6 

8 

5 

3 

330 

16.2 

D6 

16.0 

9.7 

7 

4 

3 

520 

10.6 

D7 

12.6 

9.5 

6 

3 

3 

300 

18.3 

D8 

12.0 

7.0 

7 

3 

4 

350 

3.9 

D9 

13.0 

8.7 

S 

4 

4 

280 

14.8 

DIO 

. 18.0 

10.2 

8 

4 

4 

438 

5.2 

Dll 

11.5 

8.4 

11 

3 

8 

570 

21.0 

D12 

12.4 

9.5 

11 

3 

8 

378 

3.7 

D13 

9.6 

7.8 

15 

4 

11 

281 

29.9 

D14 

12.2 

6.6 

18 

3 

15 

495 

21.2 

D15 

14.2 . 

9.2 

18 

3 

15 

512 

24.6 

D16 

14.0 

10.5 

19 

3 

16 

1116 

17.3 

D17 

11.3 

10.3 • 

25 

5 

20 

442 

17.5 

D18 

12.0 

11.7 

24 

4 

20 

1072 

38.0 

D19 

12.2 

7.3 

24 

4 

20 

1912 

52.5 

D20 

9.0 

7.9 

24 

8 

16 

472 

1 19.8 

D21 

18.2 

10.7 

24 

s 

16 

578 

17.3 

D22 

13.3 

9.0 

24 

8 

16 

523 

21.5 


* Total fatty acids are calculated on basis of wet weight of liver. 


kept constant throughout the entire 16 to 20 weeks in which the constituent was 
being tested for its anti-fatt}'- liver effect. Onl}'- in tliis way could the condition 
of the liver at the end of the 16 to 20 week test period be attributed to the presence 
or absence of a lipotropic factor in the constituent imder examination. 

The prolongation of the test period for 16 to 20 weeks ls justified on the follow- 
ing experimental evidence. Although fatty livers have been obseived as early 
as 3.5 Aveeks after pancreatectomy, their appearance at this short inteival is 
not a constant finding (6). Li\"ers containing in excess of 14 per cent fatty 
acids AATre found consistentlj'- onlj-- in those animals that had been maintained 
for 20 AA'eeks or longer after pancreatectom3'' (6). 
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Despite the above mentioned precautions in the preparation of the test dogs, 
the procedure has been criticized on the ground that the addition of raw pancreas 
to tlic diet for the fii'st 3 <o 8 Avecks after pancreatcctom}' may lead to storage 
of the anti-fatty liver factor of the pancreas (7-9). To answer this criticism, 
the present experiments were designed. It is shoAvn here that preliminary feed- 
ing of as much as 250 grams of raw pancreas daily for the first 3 to 8 Aveeks after 
pancreatectomy led to no demonstrable storage of the anti-fatty liver factor 
of the pancreas, as measured b.y the dcA-elopment of fatty liA^er at A^arious in- 
tei’A'-als after the feeding of raAV pancreas had been discontinued. 

Results. The liA^ers of dogs Dl, D2 and D3 (table 1) contained normal 
amounts of fatty acids. These dogs AA^ere sacrificed and their liA’ers removed 
for lipid detenninations 4 Aveeks after pancreatectomy; during this entire peiiod. 
of surAUA'a! they received raAv pancreas AAdth their diets. These 3 animals seiwe 
as controls for the remainder of the dogs, since the fatty acid content of their 
livers is normal at the end of the preliminary period in Avhich raAV pancreas is fed. 

DepancreaUzed dogs deprived of raw pancreas for 3 io 4 weeks. Four dogs (D4, 
Do, DG and D7) AA^ere fed raAv pancreas for the first 3 to 5 weeks after pancre- 
alectom 3 ^; for the next 3 AA'eeks it AA-as excluded from the diet. The livers re- 
moA’-ed from these animals at the end of the 3 AA'eeks contained 11 per cent or 
more of fatty acids. 

Dogs D8, D9 and DIO AA'ere fed raAv pancreas for the first 3 to 4 AA'eeks after 
pancreatectomj' and a diet containing none of it for the next 4 AA'eeks. Onl}' 
one of these dogs had a fatty liver. 

Depancrealized dogs deprived of raw pancreas for 8 to 11 weeks. Dogs Dll and 
Dl 2 Avere dopi'iA'cd of raAv pancreas for 8 Aveeks after a preliminaiy feeding period 
of 3 AA'ceks. A fatty liA'er aa’es obsen'ed in onlj' one of these animals. 

The Ih'er of a single dog (D13) aa'Es examined 15 AA'eeks after pancreatectomj'. 
It rcceiA'ed raAv pancreas for the first 4 Aveeks and none of it for the next 11 Aveeks. 
Its liver contained 30 per cent fatty acids. 

Depancrealized dogs deprived of raw pancreas for 15 io 20 weeks. Nine dogs 
AA'ere deprived of raAV pancreas for periods varying from 15 to 20 Aveeks. Six 
of them AA'ere fed raw pancreas for the first 3 to 5 AA'eeks after pancreatectom3', 
and 3 of them received it for the first 8 AA'eeks. Fatty livers were found in the 
liA'ers of all 9 dogs. 

Discussion. The rate at Avhich fatty acids are deposited in the livers of 
completely dopancreatized dogs maintained AA'ith insulin but at no time after 
pancreatectom 3 ' fed raAv pancreas, has been measured b 3 ' Kaplan and Chaikolf 
(G). In a study involving 30 dogs the 3 ' shoAA'ed that, although fatty livers may 
appear as early as 3 AA'eeks after pancreatectomy, the presence of fatt3' livers 
at this early stage is not a constant finding. It Avas found that a period of 
al least 16 AA'eeks Avas required to insure a constant finding of fatty acids in excess 
of 14 per cent in the Tn'ers of completely depancreatized dogs. In order to 
determine Avhether the preliminary feeding of raAV pancreas for the first 3 to 8 
AA'eeks after pancreatectom3' influences the rate at Avhich fatty livers develop 
after tlie ingestion of the glandular ti.s.sue is discontinued, Ave need only compare 
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the above results with those obtained in the present investigation. The rate 
of accumulation of fatty acids in the livers as found in the present study does 
not differ significant!}'' from that reported by Kajilan and Chaikoff (6). Thus 
it is shoAvn in table 1 that a fatty liver ma)'- appear as early as 3 to 4 weeks 
after the last ingestion of raw pancreas, but its development at tliis earl}'- interval 
is not constant. On the other hand by the time 15 weeks or more had elapsed 
after the cessation of the feeding of raw pancreas, a fatt}'' acid content of 17 per 
cent or more was found in all livers examined. 

The lengthening of the preliminar}'' feeding of raw pancreas to as long as 8 
weeks (dogs D20, D21 and D22) did not prevent the deposition of as much 
as 20 per cent fatty acids by the time 16 weeks had elapsed after the last feeding 
of the raw glandular tissue. These results show that the rate at wliich fatty 
acids are deposited in the liver after cessation of raw-pancreas feeding is not 
influenced by the preliminary feeding of raw pancreas. They offer no support 
for the view that the anti-fatty liver factor contained in the fed pancreas is 
stored' b}'- the completely depancreatized dog maintained with insulin. 

In previous work in which pancreatic juice was anal5'zed for the anti-fatty 
liver factor (4), the assay dogs were fed the raw pancreas in addition to the stock 
diet for the first 3 to 8 weeks after pancreatectomy. For the next 20 weeks 
the feeding of raw pancreas was discontinued, and the animals were fed pan- 
creatic juice in addition to the stock diet. At the end of this 20-week period, 
the whole liver was removed and the lipid content measured. Three, 3, 6, 7 
and 4 per cent fatty acids were found in the livers of 5 dogs that were so treated. 
Since these values are within the normal range, the conclusion was drawn that 
the anti -fatty liver factor is contained in the external secretion of the pancreas. 
Tliis conclusion has been criticized (7-9) on the ground that the preliminary 
feeding of raw pancreas led to storage of the anti-fatty liver factor and accounted 
for the normal lipid levels observed in the livers of dogs fed pancreatic juice. 
The data pi-esented here show conclusively that this is not true, since a pre- 
liminary feeding of raw pancreas does not alter the rate at which fatt}^ livers 
develop after the withdrawal of the raw pancreas from the -diet. 

Tliis investigation ivas aided by grants from Sharp and Dolmie, Inc., and the 
Christine Breon Fund for Medical Research. The yeast was generously fur- 
nished by the Lederle Laboratories and the insulin by Eli Lilly and Company. 

SUMMARY 

1. Foi- the first 3 to 8 weeks after pancreatectomy, dogs were maintained by 
daily injection of insulin and a diet containing raw pancreas in addition to lean 
meat, sucrose, salts and vitamins. The feeding of raw pancreas ivas then dis- 
continued and thereafter the rate of deposition of fatty acids in the liver meas- 
ured. The proliminaiy feeding period of raw pancreas did not influence the 
i-atc of deposition of fatty acids in the liver during the subsequent period when 
the feedings of raw pancreas were discontinued. From 17 to 53 per cent fatt}' 
acids were found in the livers of dogs examined at intervals of 15 to 20 weeks 
after discontinuation of the feeding of raw pancreas. 
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2. The relation of these findings to the assay of the an ti-fatt 3 Miver factor 
contained in the external secretion of the pancreas is pointed out. 
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The presence of a factor in pancreas (other than insulin), the feeding of which 
prevents the development of fatt 3 '- livers, has been repeatedly demonstrated (1-3). 
In 1936 Dragstedt and his co-workers prepared a fraction from pancreas wliich 
they called lipocaic and which the}'- stated was effective in preventing and curing 
fatty livers in completely depancreatized dogs maintained with insulin (4). 
These workers put forth the claim that this factor is a second internal secretion 
of the pancreas (4). 

It has been shown in several laboratories, however, that exclusion of the ex- 
ternal secretion of the pancreas from the intestinal tract by ligation of the pan- 
creatic ducts induces fatty hvers (5-8). Moreover the daily administration of 
fresh pancreatic juice prevents fatty livers not only in dogs subjected to ligation 
of the pancreatic ducts but also in completety depancreatized dogs maintained 
with insulin (9). These observations offer no support for the view that the 
anti-fatty liver factor of the pancreas is an internal secretion; they show rather 
that the external secretion is the component of the pancreas involved in the anti- 
fatty liver effects and that the presence of pancreatic juice in the intestinal- 
tract of the normal animal seiwes to maintain a normal lipid content in the liver. 
Best and Lucas in a recent review of this subject also, reach the conclusion “that 
there is no evidence that the pancreas contains a second internal secretion” (8). 

In support of the view that the pancreas contains a second internal secretion, 
Dragstedt and his co-workers offer their recent observation that the total loss 
of pancreatic juice from the body b}”^ complete pancreatic fistula does not produce 
fatty livers (10). But it is not necessary to invoke a second internal secretion 
to explain their failure to find fatty livers under these conditions. The type of 
fistula emploj'-ed by these workers did not provide for complete loss of pancreatic 
juice from the bod 3 ^ The}'^ used a fistula in which a pocket of duodenum served 
to collect the pancreatic juice before it was eliminated. Absorption of pan- 
creatic juice from this pocket of duodenum may be sufficient to account for the 
absence of fatty livers. 

The method used in this laboratory to measure the anti-fatty liver effect of 
pancreas or a fraction of pancreas in the completelj'' depancreatized dog main- 
tained vith insulin has been described in the preceding paper (11). Since lipo- 
caic* has not 3 '^et been tested bj^ this I'igorous procedure, it seemed desirable to 
do so at the present time. 

’ The term “lipocaic” is reserved here for Dragstedt’s fraction of pancreas. 
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Experimental. Fifteen adult dogs were used in this study. For 1 to 3 
weeks before pancreatectomy, each dog was fed tivice daily (at 8:00 a.m. and 
at 4:00 p.m.) a mixture containing 15 grams of lean meat and 3 grams of 
sucrose per kilo. Two grams of bone ash were added to each dietaiy mixture. 
Vitamin and salt supplements were added to the evening meal in the form of 
3 cc. of sardilene oil, 5 grams of yeast and 2 grams of CowgilPs salt mixture (12). 
After pancreatectomy each dog received 250 grams of lean meat, 50 grams of 
sucrose and 125 grams of raw pancreas tivice daily. Ten grams of bone ash 
were added to each dietary mixture. Salts and vitamins were fed in the manner 
described above. Eight units of insulin were injected immediatel}'’ after each 
meal. 

VOien the animals had fully recovered from the operation and had regained 
their appetites (2-4 wks.), the feeding of raw pancreas was discontinued. 
Lipocaic u^as then added to each dietaiy mixture in the foim of a dry powder 
thoroughly mixed with the food. Lipocaic was kept in the ice box until used; 

Blood samples were withdravm from each dog during the control period prior 
to pancreatectomy as well as after pancreatectomy when they were receiving 
raw pancreas or lipocaic in their dietaiy mixture. Blood was removed from the 
animals while they were in the postabsorptive state. After receiving lipocaic 
for 8 to 20 weeks the dogs were sacrificed and their livers removed. The whole 
liver was thoroughly ground and mixed and samples taken for analysis. The 
oxidative procedures used for lipid analyses have been described elsewhere (13). 
Free cholesterol was measured in an acetone solution after the phospholipids 
had been precipitated. 

Results. I. Liver Lipids. 1. Effect of feeding lipocaic derived from 15 grams 
of raiv pancreas. It has been shown elsewhere that the daily administration of 
a fraction derived from 5.5 grams of raw pancreas prevented the development 
of fatty livers in completely depancreatized dogs maintained with insulin (3). 
The effectiveness of this amount of pancreas was demonstrated for as long 
as 5 months; in dogs that had received 1 gram of AR (a dried defatted fraction 
of pancreas derived from 5.5 grams of the raw glandular tissue) for 5 months, 
the total fatty acid content of the liver did not exceed 4 per cent. 

Six dogs were fed daily for 10 to 14 weeks an amount of lipocaic derived from 
15 grams of pancreas and then sacrificed. The total fatty acid contents of 
their livers are recorded in table 1. In none of the 6 dogs examined did lipocaic 
prevent the development of fatty livers despite the fact that, as noted above, 
the amount of lipocaic fed was derived from an amount of pancreas that con- 
tained more than enough of the anti-fatty-liver factor necessary to maintain 
a noiTOal lipid content in their livers. In 3 of the dogs the fatty acid content 
of the liver was over 40 per cent and in 5 of the dogs 25 per cent or over. 

2. Effect of feeding lipocaic derived from 100 grams of raw pancreas. The dogs 
recorded in talile 2 may lie grouped into 1 , those that received lipocaic for 8 to 9 
weeks; 2, those that received it for 15 to IG weeks, and 3, those that received it 
for 20 weeks. Two dogs (D7 and D8) were examined at intervals of 8 and 9 
weeks after the commencement of the daily feeding of lipocaic equivalent to 
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100 grams of raw pancreas; the total fatty acid content of their livers was 8 
and 19 per cent respectively. Two of the dogs that were fed lipocaic daily foi- 
ls to 16 weeks had fatt 3 '- livers; over 40 per cent fatty acids were found in the 
liver of dog D12. Massive infiltrations of fat were observed in the livers of 

TABLE 1 

The effect of feeding lipocaic derived from 15 grams of raw pancreas on liver fat of 
completely depancreatized dogs maintained with insulin 


(Each dog received daily 0.35 gram of lipocaic. This amount was prepared from 15 
grams of raw pancreas.) 


, DOG NO. 

1 ^VEIG^T 

PERIOD LIPOCAIC* 
PED 

LIVER 

A 

Initial 

1 

Final 

Weight 

Total fatty acids 


kgm. 

kgm. 




D1 

10.0 

6.0 

■QH 

489 

' 50.2 

D2 

18.5 

14.5 


956 

44.3 

D3 

9.0 

7.4 


312 

7.8 

D4 

12.1 

9.5 


431 

25.0 

D5 

11.0 

7.7 


464 

26.3 

D6 

7.7 

6.0 

14 

462 

41.2 


* Tlie lipocaic (lot no. 47240) was furnished by Eli Lilly and Co. 


TABLE 2 


The effect of feeding lipocaic derived from 100 grams of raw pancreas on liver fat of 
completely depancreatized dogs maintained with insulin 


DOG NO. 

IVEIGHT 

1 

^ * LIPOCAIC 

li\t:r 

Initial 

Final 

Lot no.* 

Amount fed 
daily 

Period fed 

AA'^eight 

Total_ fatty 
acids 


kgm. 

kgm. 


gw.f 

u'ks. 

gm. 

per cent 

D7 

10.2 

10.4 

H-7240 

2.54 

8 

510 

7.74 

D8 

10.2 

9.7 

H-7423 

0.50 

9 

353 

18.7 

D9 

13.0 

9.6 

H-7104A 

0.37 

15 

411 

3.87 

DIO 

13.6 

9.5 

H-7i04A 

0.37 

16 

442 

3.60 

Dll 

14.1 

10.5 

H-7104A 

0.37 

16 

925 

26.9 

D12 

12.7 

9.7 • 

H-7423 

0.50 

16 

722 

47.5 

D13 

10.7 

11.0 

H-7104A 

0.37 

20 

770 

41.6 

D14 

8.2 

4.7 . j 

'H-7423 

0.50 

20 

550 

43.9 

D15 

11.9 

7.8 

H-7423 

0.50 

20 

610 

38.1 


* Furnished by Eli Lilly and Co. 

t The amounts recorded in this column were derived from 100 grams of raw pancreas. 


dogs D13, D14 and D15, although they received daily for 20 weeks an amount 
of lipocaic equivalent to 100 grams of raw pancreas. 

II. Blood Lipids. The fall in cholesterol, phospholipids and total fatty acids 
of the blood that occurs in completety depancreatized dogs kept alive by insulin 
and a diet containing no raw pancreas Avas observed in 1934-35 (13, 14). It 
Ava.s later .shoA\m that the addition of raw pancreas to the diet not only prevented 
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this fall but also led to a rapid and pronounced rise in all blood lipid constituents 
when it was fed to depancreatized dogs in which the blood lipids had fallen to 
low levels (15). Since the maintenance of a normal lipid content in the liver of 
the completely depancreatized dog by the daily feeding of raw pancreas was 
alwa 3 ^s associated with a blood lipid level that was cither normal or above nor- 
mal, the effects of lipocaic on the blood lipids were tested, 

TABLE 3 


Effect of lipocaic on blood lipids 


DOG 

PERIOD AFTER 
PANCREATEC- 
TOMV 

s 

c 

Ui 

p 

Mc,it 

Su- 

crose 

DAIL1 

Raw 

pan- 

creas 

• DIET* 

Lipocaict 

Period on diet 
weeks 

SAMPLE 

ANALYZED 

LIPIDS— MCM. PEI 
OR tvnc 

Cholesterol 

1 100 
LE BL 

—■a 

o « 
H 

:c. OF ] 

OOD 

2 « 

c. 

^^LASUA 

w 

'a 

"rt 

fS 

Pan- 

creas 

equiv- 

alent 

1 

Total 

e> 

o 

ka 

Ester 


weeks 

kgm. 

gm. 

gm. 

gm. 


sm. 









DIG 

Before (2)t 

14.2 

460 

20 

none 

none 


4 

Plasma 

229 

77 

152 

507 

281 

730 


2 

12.6 

500 

100 


none 


2 

Plasma 

212 

70 

136 

515 

370 

727 


C 

9.8 

500 

100 

none 

100 

0.50 

4 

Plasma 

147 

80 

G7 

379 

220 

520 

D14 

Before (0)t 

8.2 

240 

20 

none 

none 


2 

Plasma 

235 

70 

105 

578 

395 

813 


4 

0.8 

500 

100 

250 

none 


4 

Plasma 

208 

85 

183 

554 

4G0 

882 


12 

6.1 

500 

100 

none 

100 

0.50 

8 

Plasma 

05 

24 

41 

210 

128 

275 

D15 

Before (2)t 

11.9 

380 

20 

none 

none 


4 

Plasma 

247 

78 

109 

ois' 

403 

805 


2 

lO.C 

600 

100 


none 


2 

Plasma 

293 

80 

207 

089 

407 

982 


10 

10.1 

500 

100 

none 

100 

0.50 

8 

Plasma 

145 

02 

83 

390 

225 

535 

D8 

Before (0)t 

11,2 

300 

20 

none 

none 


4 

Plasma 

244 

89 

155 

555 

277 

799 


3 

9.0 

500 

lOO 

mwm 

none 


3 

Plasma 

249 

79 

170 

558 

365 

807 


11 

8.7 

600 

100 

none 

100 

0.50 

8 

Plasma 

09 

34 

35 

103 

73 

232 

D9 

Before (0)t 

14.1 

370 

20 

none 

none 


5 

Whole blood 

193 

127 

• GO 

402 

447 

635 


2 

13.3 

500 

100 

250 

none 


2 

Whole blood 

220 

133 

87 

473 

482 

693 


17 

9.0 

500 

100 

none 

100 

0.37 

15 

Whole blood 

147 

70 

77 

405 

390 

552 

D12 

Before (0)t 

13.2 

395 

20 

none 

none 


4 

Plasma 

231 

79 

152 

574 

300 

805 


4 

12.1 

500 

100 


none 


4 

Plasma 

272 

83 

ISO 

077 

420 

949 


21 

9.7 

500 

100 

none 

100 

0.50 

17 

Plasma 

160 

51 

109 

517 

252 

677 

D13 

Before (0)t 

10.0 

300 

10 

none 

none 


3 

Whole blood 

177 

122 

55 

402 

437 

579 


3 

9.9 

500 

100 

mM 

none 


3 

Whole blood 

194 

112 

82 

441 

475 

035 


23 

11.0 

500 

100 

none 

100 

0.37 

20 

Wliole blood 

101 

88 

13 

204 

208 

305 


• The amounta recorded were fed in 2 meals at 8:00 a.m. and at 4:00 p.m. Vitamin and salt supplements were 
added as described in text. 


t Figures in parentheses show the interval before pancreatectomy: (0) refers to the morning when the pancreas 
was excised; (2) refers to 2 days before pancreas was removed. 

t Lot no. of the lipocaic fed to D9 and D13 was H-7104A; the other dogs received lot no. H-7423. It was prepared 
by Eli Lilly and Co. 


In table 3 are sliomi the results obtained in 7 dogs. The following lipid 
constituents were measured: cholesterol, both free and esterified, phospholipids 
and total fatty acids. For the first 2 to 4 weeks after pancreatectomy each dog 
received 250 grams of raw pancreas daily in addition to the lean meat, sucrose 
and supplements of salts and vitamins. The feedings of raw pancreas were then 
discontinued and the feeding of lipocaic substituted. The feeding of an amount 
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of lipocaic derived from 100 grams of original pancreas was continued for periods 
varying from 4 to 20 weeks., 

Blood samples were taken for the. determination of lipid constituents 1, on the 
das’" the pancreatectomy was perfonned or 2 days preceding this operation; 2, 
at the end of the feeding of raw pancreas, and 3, at the end of the next 4 to 20 
weeks during which time lipocaic was fed. 

An examination of the first 2 lipid determinations recorded for each dog in 
table 3 shows that the feeding of raw pancreas seiwed to maintain lipids of all 
7 dogs at normal levels for the first 2 to 5 weeks after pancreatectom 3 ’-. Thus 
at the time the feeding of lipocaic was begun the blood concentration of cho- 
lesterol, both free and esterified, phospholipids, and of total fatty acids of all 
dogs was normal. The third hlood determination, made at the end of a variable 
peiiod dming which lipocaic was fed, is therefore a test of the capacitj^ of lipocaic 
to maintain normal lipid levels. 

The earliest examination of the effects of lipocaic was made in dog DIG. The 
blood lipids of tliis dog were determined 4 weeks after the dail}”^ feeding of hpocaic 
was begun. Bj’- this time a pronounced fall had occurred in total cholesterol, 
cholesterol esters, phospholipids and total fatty acids. The concentration of 
total lipids fell from 736 (preoperative value) to 526 mgm, per cent. 

In three dogs (D14, D15 and D8) plasma lipids were determined after an 
8-week period during which lipocaic was fed dail 3 L The plasma lipid values 
found at the end of this 8-week period Avere considerably below their respective 
normal values in all 3 dogs. In dog D14 total cholesterol fell from a preoperative 
value of 235 mgm. to 65 mgm. and total fatty acids from 578 mgm. to 210 mgm. 
The di'op in plasma lipids was equall 3 ’- striking in -dog D8. 

The effects of a still longer period of lipocaic feeding Avere tested in dogs D9, 
D12 and D13. These dogs AAm'e fed hpocaic for 15, 17 and 20 AA'^eeks respecttyety. 
In these, too, lipocaic failed to prevent the fall in blood lipids. Twenty weeks 
after lipocaic feeding was begim in dog D13, total fatty acids fell from 402 mgm. 
to 264 mgm., phosphohpids from 437 mgm. to 268 mgm., and total lipids from 
579 mgm. to 365 mgm. 

The aboA’-e results demonstrate that an amount of lipocaic prepared from 100 
grams of pancreas does not maintain the blood lipids of depancreatized dogs at 
noiTtial levels. One hundred grams of raAV pancreas, howcA’-er, contain more 
than enough of the blood hpid-raising factor to prevent the blood hpids from 
falling beloAV preoperath'^e or normal leA'^els. Indeed, it aa^s found in this labora- 
tory that as small an amount as 5.5 grams of pancreas is sufficient to keep total 
fatty acids, phospholipids, and total hpids at noinial leA'-els eA'-en when fed as 
long as 20 AA’^eeks (16). Thus in 3 dogs that wei-e tested in a similar manner to 
those recorded in table 3, the hpid values found before operation and 20 weeks 
after the daily feedings of 5.5 grams of. pancreas AA^ere, respectivety: total fatty 
acids, 402 and 462, 437 and 720, 405 and 523; phosphohpids, 428 and 466, 475 and 
588, 411 and 453; total hpids, 600 and 600, 631 and 984, 611 and 683. The 
blood hpids of these 3 dogs Avere examined at least 5 times during the 20-Aveek 
inteiwal in AAdiich the pancreas was fed; at no time were the total fatty acids. 
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phospholipids or total lipid content of the blood found beloAvthe preoperative 
levels. 

Comments. The results obtained here leave no doubt that lipocaic is a poor 
source of the anti-fatty liver factor of the pancreas. This conclusion is based 
on the failure of lipocaic to prevent the development of fatty livers in completely 
depancreatized dogs when this preparation is fed in amounts equivalent to 100 
grams of original pancreas for periods as long as 20 weeks. Six of the 9 dogs 
that were fed this amount of lipocaic for 8 to 20 weeks had fatty liveis. Three 
of these dog.^ were fed lipocaic for 20 weeks, at the end of -which time their livers 
contained 38 to 42 per cent fatU' acids. The amount of lipocaic fed was ex- 
tracted from an amount of pancreas more than enough to prevent the develop- 
ment of fatty livers. As stated above, as small an amount as 5.5 grams of this 
glandular ti.ssue is sufficient to maintain a normal lipid content in the, liver of the 
completely depancreatized dog (3). 

SUM-MARY 

1. Lipocaic (Drag.stedt’s preparation of pancreas) was tested for its ability 
to prevent the development of fatty Ih-ers in completely depancreatized dogs 
maintained with insulin. As judged by this test, lipocaic is a poor source of the 
anti-fatty liver factor of the pancreas. 

2. The administration of lipocaic equivalent to 100 grams of pancreas to com- 
pletely depancreatized dogs failed to prevent the fall of cholesterol, phospho- 
lipids or total fatty acids of the blood below preoperative levels. 
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In a preAnous publication (1) we reported that although anesthetized dogs are 
usuall}^ able to Anthstand relatively'- long peiiods in the upright, feet douai posi- 
tion, all compensation disappears when the carotid sinuses are denervated and 
the A'agi cut. The frequency'^ and ease with wliicli irreversible failure or shock 
could be precipitated suggested that further iuA^estigation of orthostatic circula- 
toiy failure might coniiibute interesting information to the general problem of 
shock. 

The general plan of the present experiments was similai’ to that previously'- 
described. The animals, anesthetized with chloralose (40-80 mgm. per K. B. W.) 
or with Na barbital (180-250 mgm. per K. B. W.), were rotated about a trans- 
verse horizontal axis, the position of Avhich Avas adjusted in each case to coincide 
AA'ith the axis of the carotid cannula used in conjunction Avith a calibrated mem- 
brane manometer for recording blood pressure. The distance from the point of 
arterial cannulation to the fourth interspace (heart level in the upright position) 
AA'as measured and the value thus obtained applied as a. correction for the hy'-dro- 
static pressure effect to all blood pressure readings made Avith the animal in the 
upright position. Respiration aa^hs recorded either by^ a pneumograph or by- a 
small T-tube inserted directly into the thoracic caA'ity'- and connected AA’ith a sensi- 
th'-e tambour. Wintrobe tubes AA-ere used to determine the hematocrit A’alues of 
blood draAAm from the femoral arteiy and heparinized. Specific giuAuty'^ of AA’hole 
blood and plasma AA^as also determined in most of the experiments by" the falling 
drop method. Protein content Avas calculated from these A^alues, using the for- 
mula of Weechj Reeves and Goetsch (2). Gas analy'-ses by" the "i^an Sly"ke and 
Neill method AA’ere also carried out in six e.xperiments on arterial blood draAA’n from 
the femoral or carotid arteries and from the femoral or jugular veins. The 
thoracic lymph duct AA"as cannulated in six experiments and the floAv of lymph and 
its specific graA"ity" AA"as measured. Ly-mph iDrotein AA'as determined gi-aA"imetri- 
cally" in several experiments and the A"alues AA’ere found to check closely" Avith those 
calculated from specific gravity" determinations. During the operation for 
cannulation , of the; thoracic duct, prior to the collection of ly"mph, plysiological 
saline (20 cc. per K. B. W.) AA"as given intraA"enously to insure adequate hy"dration 
of the tissues. ; 

The usual procedure AA’as to make adequate control obserA"ations AA’ith the ani- 
mal in the horizontal position, after AA’hich the animal Avas tilted to an angle of 

1 Aided by a grant from the John and Mary R. Markle Foundation. 
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75°, feet down, and kept in this position for vaiying periods of time duiing which 
the oiaseiwations were continued. The tilting usually took from 1 to 2 seconds. 
In some experiments the animals were returned to the horizontal position and 
the observations continued. HoweA'er, many of the animals .succumbed in the 
U]iright position or failed to i-ecover when returned to the horizontal. 

Representative results are .shown in figures ] and 2. They suggest that the 
changes which occur in orthostatic circulatory insufficiency or “giavity shock” 
are similar, in manj^ respects, to those reported as taking place in traumatic 
shock (3). Dogs, allowed to remain in the upright, feet down (F. D.) position 
for 20 minutes to 4 hours, show an eventual drop in blood pressure to levels 
of 30 to GO mm. Ilg. This hypotension is accompanied b}' definite and often 
marked increases in the hematocrit and blood specific gravit 3 ' values. In some 
cases, the hemoconcentration begins within a few minutes after the animal is 



Fig, 1. Experiment 2. Dog weighing 10 K .anesthetized with 250 mgm. N.a b.'irbital 

Iv. B.W. Died 3 minutes after drawing of last blood sample. 

\ 

tilted (fig. 2) ; in others, there is no significant change until 20 to 30 minutes later 
(fig. 1 ). The hemoconcentration usually increases gradualh" as long as the F. D. 
period is maintained and shows a .slow gradual fall toward the original pre-tilt 
level when the animal is returned to the horizontal position. 

The ox\'gen content of arterial blood reflects the increased hemoconcentration 
and no anoxemia is evident even in samples taken just before death in e.xpeiiments 
lasting several hours or moi-e (fig. 1). The venous blood, however, shows a sharp 
drop of 50 to 100 per cent within 10 to 15 minutes after the animal is tilted. This 
results in a rise of 40 to 100 per cent in the A-V oxygen difference. This evidence 
of a retardation of blood flow through the tissues confiians the results of our pre- 
vious experiments in which the blood flow in the larger arteries and veins was 
mea.sured bj" means of themiostromuhrs (4). It does not, however, support our 
suggestion (5) that the erect position causes an anoxemia which stimulates the 
chemoreceptors. 
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Along with the increase in the A-V oxj^gen difference, there also occurs a paral- 
lel and quantitati's'elj'’ similar increase in the A-V carbon dioxide difference. This 
is due to a marked (22 to 56 per cent) drop in femoral or carotid arterial blood 
content accompanied by a smaller decrease (18 to 40 per cent) in the CO 2 content 
of blood drawn either from the femoral or jugular veins. These changes are not 
necessarilj’^ associated with an increased CO 2 elimination, as shown by the results 



Fig. 2. Experiment 8. Dog weighing 15 K anesthetized with 250 mgm. Na barbita 
K. B. W. 300 cc. 0.9 per cent NaCl infused 3 hours before experiment started. 

of two experiments in which the pulmonary ventilation and CO 2 content of the 
expired air were measured. Similar results have been described in expeiiments 
on man and their e.xplanation remains obscure (6, 7). Mackaj'^ (8) has recently'' 
proposed that the main factor responsible for the fall in alveolar CO 2 is a reduction 
in the volume of blood to which the lung gases are exposed. 

AVliile the increases in the hematocrit and plasma protein values are similar for 
the first fiin to ten minutes after tilting, this parallelism di.sappears as the F. D. 
period is prolonged. Anal 3 ^sis of the data of 18 experiments shows that, as the 
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hemoconcentration proceeded, the plasma protein level rose slightly in 3 cases, 
remained at the same level in 5 cases and actuall}^ diminished appreciably in 10 
experiments. The six experiments in which lymph protein was measured also 
provide evidence that as the F. D. po.sition is maintained, the continued sluggish 
flow and consequent hypoxia re.sult in a greater or le.ss increase in capillaiy per- 
meability and consequent loss of protein from the blood stream (fig. 2). Although 
the rate of lymph flow is reduced during the F. D. position (or absent when the 
blood pressure level is 40 mm. Hg or lower), its protein concentration is increased. 
Return of the animal to the horizontal position and recovery of the blood pressure 
level always results in a striking increase in the flow of lymph, which usually 
reaches a peak in about 1 5 minutes. At this time the rate of flow and the actual 
amount of protein in the lymph are at least two to three times that found previous 
to tilting. Readjustment toward pre-tilting levels takes place in about a half 
hour. Similar changes, indicative of a temporaiy increase in capillary pemiea- 
bility, were also found bj’- iNlaurer (9) after a period of low oxygen ventilation and 
by McCarrell and Drinker (10) after histamine injections. In order to investi- 
gate the possibility that the changes might be due to the liberation of histamine, 
samples of blood and Ijmiph from two experiments were assayed for histamine by 
Dr. Gerhard Katz of the Department of Pharmacology. He was unable to find 
any significant change in the hi.stamine content of blood or Ijmph in an}’’ of the 
samples obtained during the F. D. period. 

Originally, it was planned to tilt the animals and study the blood changes 
while they were suspended in the F. D. po.sition for relatively long periods of time 
and then to precipitate shock, if it had not alread}’ developed, by eliminating the 
moderator reflexes. The extreme .sensitivity of the animals to even .slight 
hemorrhage, howevei-, made this impo.s.sible. The removal of the small amounts 
of blood necessary for the successive determinations almost invariabl}’’ precipi- 
tated shock. Thus in experiment 2 (fig. 1) a total of 20 cc. of blood had been 
withdrawn during the 3^ hours of the F. D. period. At this time an additional 
10 cc. was withdrawn for sampling. The blood pressure, which had remained at 
60 mm. Hg throughout the period, now fell rapidly and, although the animal was 
quickly returned to the horizontal po.sition and artificial rc,spiration and infirsion 
of saline begun, the animal died within 3 minutes of re-spii-atoiy failure. 

The following typical experiment strikingl}'- illusti-ates the critical level of cir- 
culating blood volume which is achieved and maintained in animals kept in the 
F. D. position for long periods of time. A 6.5 K. dog (expt. 15) was tilted and 
kept in the F. D. po.sition for 30 minutes. The blood pressure dropped from 170 
mm. Hg to 100 mm. Hg, rose quickly to 140 mm. and then .slowly dimini.shed to 
70 mm. at the end of the half-hour F. D. period. On return of the animal to the 
horizontal position, the blood pre.s.sure ro.se and remained at a level of about 115 
mm. Hg for the next 90 minutes. The animal was then tilted again. The blood 
pre.s.surc dropped to between 30-50 mm. Hg. Fourteen minutes after tilting, 10 
cc. of blood was removed from the carotid artery. The respiration stopped 
almost immediately and the dog showed a typical asphyxial i-isc in blood pres- 
sure. Rapid infusion of heparinized blood obtained from a second animal was 
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started as soon as the blood pressure began to fall. The level of blood pressure 
rose immediately and remained at 110 mm. after the infusion of 150 cc. of blood. 
Respiration, however, did not begin again until seven minutes later. The with- 
drawal of 10 cc. of blood fifteen minutes after the completion of the infusion re- 
sulted in a drop in blood pre.ssure to onlj’- 90 mm. Hg. On return of the animal 
to the horizontal position, the pressure rose to 140 mm. Hg. This level was 
maintained and did not change subsequent to the removal of 10 cc. of blood. The 
dog was then tilted for the third time. The usual immediate drop in blood pres- 
sure did not occur. The pressure remained at 140 mm., rose to 150 mm., 
dropped gradually to 110 mm. at the end of 30 minutes. Withdrawal of 10 cc. 
of blood at this time resulted in a drop in blood pressure of only 5 mm. 



Fig. 3. Experiment 27. See text for details. Top line of lowest strip is respiration 
record. 

Further indication of the importance of the blood volume was obtained in the 
six experiments in Avhich Ijunph flow was studied. As previously mentioned, 
these animals were primed Avith 300 to 500 cc. of physiological saline before the 
experiment so as to insure adequate hj'^dration. These dogs shoAved a much bet- 
ter response to tilting and Avere not sensitiA'^e to slight hemorrhages, particular!}'- 
in the early part of the F. D. period. 

Additional experiments also shoAA^ed that if infusions are maintained during the 
F. D. period, the usual blood pressure drop can be entirely eliminated. One of 
these experiments is shoAvn in figure 3. The dog, Aveighing 6 K and anesthetised 
Avith 250 mgm. Na barbital per K. B. W. AA^as tilted at 1. The blood pressure fell 
from 130 mm. Hg to 65, increased to 90 and then diminished again to 40 mm. at 
the end of 10 minutes, AA'hen the animal aa'rs returned to the horizontal — 2. The 
dog Avas then infused AA'ith a total of 400 cc. of iihysiological saline given over a 
period of 30 minutes and again tilted at 3. At 4, the infusion AA'as resumed and 
continued at a constant rate of 20 cc. per minute for 60 minutes. The initial fall 
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in blood pressure was similar to that observed for the first tilt, but instead of a rise 
and secondary fall, the pressure now rose continuously. At the end of fO min- 
utes, it was 100 mm. Hg and after 30 minutes was at 1 1 0 mm. Ilg. At 5, adrena- 
lin (5 cc. of a 1 to 100,000 solution) was added to the perfusion fluid and produced 
a typical response. The pressure returned and staj'-ed at the same level (110 
mm. Hg) for seventy minutes after the infu.sioh had been stopped. At this time 
— 6, 100 cc. of blood was removed, resulting in a drop in blood pressure to 45 mm. 
Hg. At 7, infusion of saline was begun and at 8, the 100 cc. blood (which had 
been heparinized) Avas reintroduced. The blood pressure rose and was at 125 
mm. Hg (slightly below pre-tilt level) when the animal was returned to the hori- 
zontal at 9. The dog had been maintained in the F. D. position for 3 hours and 
54 minutes. 

The blood pressure obtaining at this time was high, 175 mm. Hg, reflecting the 
increase in blood volume. It dropped gradually, due presumably to the diffusion 
of the saline to the tissues. At the end of 30 minutes, the pre.ssure was at 130 
mm. Hg, the original IcA’^el at the beginning of the e.xperiment. The animal was 
then again tilted — 10 — and showed the u.sual fall in pressure. At 11, the A^agi 
Avere seA'^ered and at 12, the left carotid clipped to eliminate tempomrily the action 
of the carotid sinus. The pressure fell rapidh'- to 20 mm. Hg and the respiration 
became periodic. The animal Avas then returned to the horizontal position — 13 — 
(duration F. D. period = IG min.), and the clip remoA'^ed from the carotid. The 
pressure rose to 100 mm. Hg but fell rapidly again. At 14, infusion of saline AA'as 
begun and at 15, blood Avas introduced and its infusion continued Avithout, hoAA'- 
ever, preventing the death of the animal seA’^eral minutes later, "^^ariations of this 
procedure in other exijeriments, on the other hand, shoAved that irreversible 
failure does not occur Avhen the blood Amlume is increased b}-- the infusion of saline 
or blood prior to or concomitant Avith the elimination of the moderator nerves, 
or Avhen the infusion is maintained throughout the F. D. period. 

In his clas.sic reports on the effects of posture. Hill (11) maintained that the fall 
in blood pressure in the dog AA'as primarily due to blood accumulating in the 
splanchnic area and that the compen.sation AA'hich occurred AA'as due to .splanchnic 
A'asoconstriction. Edholm (12), hoAA'CA^ei', .shoAA'ed that, in the cat, eAosceration 
diminished the vascular compensation but did not abolish the fall and that re- 
moA'al of the liA'er almost completelj-^ abolished the fall of blood pre.s.sure in the 
F. D. position. Edholm concluded that the reason for the fall of blood pressure 
is not the collection of blood in the .splanchnic area, but in the liArer, and that the 
.splanchnic area is onlj' partly re.sponsible for the compensation folloAA'ing this fall- 
Repetition of some of his e.xperimcnts suggests that a similar situation e.xists in 
the dog, i.e., that the decrease in circulating blood A’^olume is chiefly due to pooling 
of blood in the liA’-er. The recoA’^er}’^ of the blood pressure AARen the animal is 
restored to the horizontal is due, in large measure, to the return to the right side 
of the heart of the accumulated blood in the liArer. The effect of gravity maj’’ also 
be onlianced bA' a constriction of the hepatic A'cins such as is pre.snmed to occur in 
anaphylactic or peptone .shock in the dog. The action of adrenalin, as seen in our 
expeiiments, maj' therefore be pai'tly the re.sult of a relaxation of these A'eins 
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following a constriction of the liver vascular bed and an immediate delivery into 
the general circulation of a considerable quantit}^' of blood (11). It should be 
emphasized in this connection that, -while pooling in the liver, is of greater impor- 
tance than pooling in the legs in the cat and dog, the situation is probably the 
reverse in man because of the different relative proportions of the lower limbs. 

Our results and those of other investigators (6) demonstrate that orthostatic 
circulatory failure or “gravit 3 ’' shock” is primarily initiated bj* a decrease in the 
effective circulatorv blood volume. Tiffs is the result of increased filtration on 
the arterial (capillary) side and stagnation and pooling on the venous side. The 
consequent drop in blood pressure evokes a reflex compensator}’- vasoconstriction 
via the moderator nerves which opposes further flooding of the capillarv reser- 
voirs. This serves to diminish the capacit}’ of the capillaiy S 3 "stem and makes 
more blood a^fflable for the general circulation. The attendant slowing of the 
blood flow, however, tends to increase capillaiy stasis and plasma loss when the 
F. D. position is maintained for more than short periods of time. A delicate 
balance is often achieved Avhereby the blood pressure is maintained, even for 
hours, at a low level, but remains adequate to prevent lasting damage to tissues. 
Irreversible failure is precipitated as a result of an}”^ change ivhich upsets this new 
balance b}!- further diminishing the circulatmg blood volume. Elimination of 
the moderator reflexes results not only in a diminished peripheral resistance but 
also in an enlarged capacit}'- of the vascular bed, thus further reducing the effec- 
tive circulating blood volume beloAV the already critical level. Hemorrhage in 
the F. D. position can no longer evoke its usual compensatoiy vasoconstriction, 
since the vessels ha^’-e alread}'- been contracted as a compensation to the position. 
Withdrawal of small amounts of blood, therefore, easil}’- reduces the circulating 
blood volume to below the adequate level. 

SU^lMARY 

Anesthetized dogs, suspended in the upright (feet down) position for 20 min- 
utes to 4 hours, show vaiying degrees of h 3 ’^potension, progressive hemoconcen- 
tration and marked increases in arterio-venous ox 3 "geii and carbon dioxide differ- 
ences. After 10 to 20 minutes, the plasma protein level diminishes while the 
pi-otein concentration of l 3 ^mph increases. These changes can be reversed b}”- 
returning the animals to the horizontal position and approximate!}^ control values 
are achieved in about tlffrt}’- minutes. 

Animals kept in the upright position are extremel}'- sensitive to hemorrhage. 
Irreversible failure is often precipitated b}" the withdrawal of relative^v small 
quantities of blood (30-50 cc.). This can usually be prevented and the response 
to tilting improved b}' the infusion of saline and/or blood during the upright 
period. 

REFERENCES 

(1) j\La.yerson, H. S. This Journal 136: 411, 1942. 

(2) Weech, a. a., E. G. Reeves and E. Goettsch. J. Biol. Chem. 113: 167, 1936. 

(3) WiGGERs, C. J. Physiol. Reviews 22 : 74, 1942. 

(4) jMayerson, H. S. Tliis Journal 136: 381, 1942. 



234 


H. S. MAYEIiSON 


(5) Mayeeson, H. S. This Journal 136: 411, ,1942. 

(6) Ambeeson, W. R. Bull. School of Med. Univ. of Md. 27: 127, 1943. 

(7) Hellbbeandt, F. A. akd E. B. Feanseen. Physiol. Reviews 23: 220, 1943. 

(8) Mackat, I. F. S. J. Physiol. 102: 228, 1943. 

(9) Matjeeh, F. W. This Journal 131:331, 1940. 

(10) McCaebele, J. W. and C. K. Deinkj^e. This Journal 133: 64, 1941. 

(11) Hill, L. J. Physiol. 18: 15, 1895. 

(12) Edholm, G. j. Physiol. 101: 1, 1942. 



THE PATTERNS OF THE ARTERIAL PRESSURE PULSE 

W. F. HAMILTON 

From the Department of Physiology, University of. Georgia School of Medicine, Angusta 

Received for ifublication January 8, 1944 

During the past ten years thei-e liave accumulated in this laboratoiy a large 
number of records of the arterial pressure pulses taken with the Hypodermic 
JManometer (4). These are faithful recoi-ds of the changes in the pressure of the 
blood in various arteries of man and of other animals. The form of the pressure 
pulse curve is quite variable. Some of the types are drawn roughly to scale in 
the figures presented herewith, but there are many intergrading examples which 
can not be shovTi for lack of space. 

It is the iDurpose of this paper to describe the manner in which these typical 
patterns take form and to pi-esent a simple h.ypothesis that will account physicall.y 
for the variations seen in the pressui-e pulses in different arteiies and under differ- 
ent conditions. 

The sim])le.st pulse form is that .seen in vojy small animals such as the mouse, 
canary, frog or turtle (1). During, early .systole the ejection from the heart is 
rapid, blood is coming into the arterial tree fastei- than it is leaving through the 
arterioles and the pressure in the aideries i-ises abiuptl.y. Later the rate of ejec- 
tion falls, the artei-ial piessure ri.se continues but becomes less abrupt. Toward 
the end of .systole there is a balance between the I’ate of ejection and the rate of 
arteriolar drainage. The curve is then horizontal. An actual decline in the 
curve is sometimes seen during late .s^^stolc, when ejection falls to a rate that is 
Ic.ss than arteriolar drainage. 

During diastole the curve is a perfectly smooth fall of pressure Avith time. It 
falls faster at first Avhen the pressure is high. Blood drains out of the arterioles 
more rapidly and each unit of blood leaving the arterioles makes a greater pressure 
difference when the pressure is high than when the pressure is low. 

This smooth pressure curve is the simple consequence of filling and emptying 
of the arterial compression chamber. However it is seen onlj' in small animals. 
The tiny arteries of these creatures i-espond so quickly that they follow faithfully 
the pressure changes which are pi-oduced by the heart. 

In o]-dinary laboratoiy animals such as the dog and in man the form of the 
pressure pulse is much more complex. Superimposed upon the first desciibed 
filling and emptying curve are Avaves of arterial origin. This is because the mass 
of the arterial blood column is so large and the arterial Avails are so distensible that 
the action of the heart sets up oscillations of pressure in the arteiy that are i-e- 
flected back and forth over its length as they gradually damp out. The natural 
period of these Avaves varies directly A\dth the time it takes the pulse Avave to be 
transmitted from one end of the arterj’^ to the other and their amplitude depends 
upon the abruptness of the initial upstroke of the pulse and the sharpness Avith' 
Avhich reflection takes place at the end of the artery. These AvaA'es, therefore, 
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differ in different arteries and in different parts of the same arteiy. They differ 
Math the degree of peripheral constriction, with changes in the blood pressure and 
can be modified by occluding (pinching) the arter 3 ’- beyond the place where the 
manometer needle is inseiind. 

The most important of these waves of arterial origin is the great standing wave 
of the aorta (2). This wave oscillates about, a node which is situated in the de- 
scending thoracic aorta. When the wave is reaching its trough above this node 
it is reaching its peak below. It is called a standing wave because the wave 
reaches its peaks and troughs simultaneouslj'- in all parts below the node. Simi- 
larlj’-, above the node the peaks and troughs are simultaneous all the wa}’’ up the 
ascending, transverse and descending aorta and even in the ventricle during 
systole. The wave is called a free pressure oscillation because it is the d 3 'ing 
down of a liighly damped .surging wliich is deteimined by the elastic characteris- 
tics of the arterial tree and the mass of blood within. The damping factor is 
supplied by the \nscosity of the blood and b 3 '- incomplete reflection. 

Since it is difficult to record the pres.sure pulses from the node and thus make a 
recording of the fundamental filling and emptying cun^e of the aortic compression 
chamber, it is convenient in man 3 '- experiments to derive this curve from records 
taken from points above and below the node. In figure 1 this has been done 
using cuiwes from the root of the brachiocephalic artery of the dog and from the 
femoral. The brachiocephalic curve was made vdth a sound down the carotid 
arteiy connected ndth a h 3 T)odermic manometer and the femoral curve was made 
from a needle inserted into the aidery so as not to occlude flow and connected to 
another manometer. The two curves were redra^vn to the same pressure and 
time scales. 

It is seen tliat the two curves interlace veiy much as would the curves of two 
tuning forks, one vibrating strongly and one -vabrating Aveakly and 180° out of 
pliase. The base line on which the oscillations are inscribed goes up and down 
with the arterial filling and empt3Tng. A smooth curve can then be draA\Ti 
through the points of intersection to approximate the fundamental. filling and 
empt3Tng curve of the arterial compression chamber. Theoretically it should be 
closer to the brachiocephalic than to the femoral curve because the latter has -the 
stronger oscillations. It should haA'^e the same area as both and should look some- 
thing like the dotted cuiwe in figure 1. The damped oscillation draAATi in beloAV 
is in phase Avith the difference betAA^een the femoral and fundamental filling and 
empt3ang curve. 

Tlie standing AA^aves of the carotid arteiy are superimposed not upon the funda- 
mental filling and emptying curve of the arterial tree but rather upon the pres.sure 
curA-e AAhich actually occurs in the root of the aorta. The standing waAm of the 
aoi-ta and that of the carotid are therefore superimposed upon the fundamental 
filling and emptying curve to make the pulse pattern as it is seen in the carotid 
arter3'. 

The carotid standing AA-aves themsehms are seen in figure 2. They begin to 
appear 2 or 3 cm. from the arch and are simultaneous, peak and trough, from 
there up to the head. The 3 ’- are, therefore, standing AvaA^es of the same sort a.s 
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those in the aort-a. The amplitude of the carotid standing waves may be in- 
creased bj’’ vasoconstriction and also by pinching the artery between the fingers 
peripheral to the manometer needle. Their frequencj’’ can be increased somewhat 
by raising the blood pressure (which increases the rate of pulse wave transmission) 
or greatly and progressively by pinching the artery closer and closer to the needle 
which is in the root of the neck. This shortens the resonating column over Avhich 
the pulse Avave must be transmitted. It aatII be noticed from figure 2 that the 
free vibrations are set off not only by systole itself but also by the aortic pressure 
changes at the incisura. 



Fig. 1. Comparison of the femoral (peaked curve) and aortic pressure pulses. An 
approximation of the fundamental filling curve of the aortic tree is dotted in. Below is a 
rough estimate of the free pressure oscillations of the aortic tree. 

Fig. 2. Comparison of the pressure pulses in the root of the aorta, and of the carotid 
artery which starts later and has the transient pulses. BeloW is a rough estimate of the 
free pressure oscillations of the carotid tree. 

Fig. 3A. Pressure pulses from the two femorals a few seconds after one (the lower curve) 
has been injected with a small dose of acetylcholine. 

B. The same ten seconds later. 

C. Pressure pulses in carotid and femoral. 

D. The same after a small intravenous dose of acetylcholine. 

The relation of the pulse pattern in the aoi’ta and the fore leg arteries has not 
been determined in the dog. In man the arm arteries do not usuallj’’ give clear 
evidence of a separate standing wave system unless the ax’tery has been occluded 
below the needle <3). Very occasionally there is a bracliial standing Avave AA^hich 
is recognizable. Its frequency is greater than that of the aorta but considerably 
less than that of the carotid. 

In the dog the hind leg arteries folIoAV the standing Avave sj^stem of the aorta, 
the peak and dfixs being simultaneous all the AA’ay doAATi from the aortic node to 
the dorsalis pedis. ' In man the dorsalis pedis and femoral pulsations are not 
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simultaneous (4) . Thej^ seem to differ according to the same principles as do the 
aortic and carotid curves. Tlie free pressure oscillations of the large leg arteries 
are of course much slower than those of the carotid. 

Occluding the arteiy below the manometer needle produces a sharp point of 
reflection and sets up standing waves of different form than the natural waves. 
The fact that dm-ing occlusion the systolic pressure usuallj^ reaches greater height 
than normal has given rise to the fiction of “systolic end pressure.” The rise in 
pressure (when it occurs) central to the point of occlusion is due to three factors. 
First, there is an increase in the peripheral resistance over the whole body because 
the occlusion shunts the blood which would oi'dinarily go out the arterioles of the 
stopped arteiy into the remaining arterioles and it takes a few millimeters more 
of pressure to force the cardiac output through the fewer arterioles. This is an 
increase of both .systolic and diastolic prc.ssurc and is not usuallj’- maintained very 
long. It is regulated against reflexly. Secondly, there is the moot question as to 
whether the veIocit 3 ’’ head maj’- not appear as pre.ssurc when the artery is occluded. 
If the arteiy in question is a branch of the aortic tree, occluding the artery makes 
it a part of the manometer which measures the pressure below the bifurcation and 
and in the larger tmnk where a certain part of the energy is in the form of velocitj' 
and a certain part in the form of pressure. Conditions are so complex that it 
seems impossible to sa.y whether the balance between these two energies will be 
significanth’' changed bj'- occluding the liranch. Certainl,y the amount of velocity 
energj’’ which had been at the needle point is irrelevant in explaining the change 
in the pres-sure pulsation upon occlusion. The third and principal factor in e.x- 
plaining the increase in systolic pressure upon occlusion of the arteiy is the result 
of setting up an entirelj' new set of standing waves. These are conditioned bj'’ 
the fact that the arteiy is stopped and have no relation to pressures or energies 
present in the imstopped artery. 

Xormallj', the waves of the oscillating aortic .s.vstem are reflected at one end 
from the heart or from the semi-lunar valves. At the other end the.v are reflected, 
not from large bifurcations but from the terminal arterioles. In these small 
vessels there is classical^' an increased resistance to flow which is the ph.ysical 
condition for the reflection of pulsatile waves (2). In case of the secondaiy 
sj’stems such as the carotid and human leg arteries the site of peripheral reflec- 
tion is the same as that of the aortic .S 3 ^stem, i.e., the arterioles. The central .site 
of reflection is probabh' the opening of the artery into the aorta which acts as the 
open end of a sounding tube. In the sense that fluctuations of pressure are mini- 
mal and fluctuations of movement maximal it is analogous to a node. 

To show that it is the peripheral resistance which is re.sponsible for the reflected 
waves it is necessarx'^ to produce a vasodilation in the peripheral bed of the ar- 
ter 3 ' under examination. If this can be done without changing the level of blood 
pres.sure and xvithout producing an 3 ’^ great change in the manner of xvave reflection 
in other arteries the experiment xvill be more convincing. ■ 

The two femoral arteries xvere exiiosed and the needles of two h 3 'podermic 
manometers (4) inserted in each so as not to obstruct flow of blood. The pulse 
cuiwes xvere identical and .shoxved a .s 3 ^stolic peak that xvas 30 or 40 mm, higher 
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than the 's3'’stolic pressure in a simultaneous ■ carotid pressure pulse (fig. 3 C). 
Now a very small dose of acetylcholine was injected into the right femoral arteiy. 
The systolic peak in this artery disappeared at once and the pressure during 
systole became 30 or 40 mm. lower in the right femoral arteiy than in the left 
(fig. 3 A). During diastole the pressure in the two femoral arteries was equal, 
showing that the arteriolar iiin off was not.sufficientlj’- great in the dilated bed to 
make a continued difference in pressure between the two femorals. The differ- 
ence seemed to be due simpl3'- to the absence of the systolic peak in the injected 
arteiy. . The systolic pressure pulse in the left femoral arteiy was almost un- 
affected and the second ivave (negative) was reduced somewhat but equall3’- in 
both arteries. A few seconds later the second wave had disappeared from both 
arteries (fig. 3 B). The wave reflected from the peripheiy had been lessened by 
general vasodilatation so that the second wave cannot be seen. The drug had 
worked no change in the arterial wall Avhich prevented the transmission of re- 
flected waves because these waves reappeared ivhen the leg was grasped tightly 
at the Icnee making a pseudo-vasoconstriction. The3’’ could also be brought 
back by intra-arterial injections of epinephrine in small doses ivhich produced 
constriction of the dilated arterioles in the femoral bed.- 

A^Tien someivhat larger doses of acet3dcholine are given intravenousl}’" the stand- 
ing waves are eliminated from all atteries. The femoral pressure pulse curve is 
very similar in s3’’stolic height to that of the aortic arch, being delayed and 
smoothed outi In the carotid arteiy the initial standing waves are eliminated by 
dilatation in its peripheral bed but there appears another wave that is transmitted 
up the carotid arter3’- appearing later in the upper parts of the vessel. In appear- 
ance it is not veiy different from the carotid standing wave but it is not always a 
continuation of the upstroke of the carotid pulse nor is it repetitive as are the 
standing waves (fig. 3 D). It onl3'’ occurs Avhen the diastolic pressure in the 
arterial S3^stem as a whole is veiy low and the arterial column becomes more or 
less stationaiy between heart beats. Tiflien ejection begins against the inertia of 
this stationaiy column, there is a sudden rise of pressure in the aorta and its lower 
branches. At the same time there is a surge of pressure which travels out the 
carotid and wliich accounts for the wave in question. 

The sudden increase of pressure in the lower arteries gives rise to the pistol shot 
sound which can be heard over the arteiy whenever diastolic pressure gets so low 
that flow is definitel3’- reduced in rate in these vessels. (Aortic regurgitation, 
A.V. fistula, etc.) The carotid surge seems to be a sort of back fire from the 
water hammer that is responsible for the pistol shot sound. 

The presence or absence of reflected waves can be used in h3’^potension to deter- 
mine the cause of the fall in blood pressure. If it is due to reduced circiilatoiy 
blood volume and occurs in spite of vasoconstriction, the reflected waves can 
clearly be recognized. If the primary cause of the low blood pressure is vasodila- 
tation or if a terminal vasodilatation occurs its indication can be seen from the 
absence of reflected waves from the pressure pulse curves. 

As the blood pressure falls during an experiment the pulse wave transmission 
time increases and the frequenc3' of the standing waves decreases. The heart 
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may accelerate and the second wave be partly or wholly obliterated from the 
femoral pressure pulse. The second wav^e of the carotid (or preferably upper 
aortic) pulse then is the only easy guide to the presence of reflected waves because 
the femoral systolic pressure may be a little higher than that at the root of the 
aorta. The reciprocal relationship between such curves is .shown in figure 4 and 
is an indication that there is enough peripheral resistance to cause the reflection 
of the waves. 

On the other hand, blood pressure may be low because of generalized relaxation 
of arterioles and the reflected waves thereb}’^ be eliminated. The arteriolar 
relaxation may be due to direct action of drugs, to stimulation of depre.ssor. recep- 
tors from certain internal injuries .such as exploration in the upper abdominal 
region. The relaxation may also result from vasoconstrictor “exhaustion” that 
follows long continued low blood pressure. In these cases the typical relation- 
ship of the pressure pulses is shown in figure 5. The femoral and aortic contours 
are then very similar and there ai-e none of the reciprocal relationships indicating 



Fig. 4. Curves from the aorta and femoral artery showing reflected waves. The dog 
has a low blood pressure (65/40) . 

Fig. 5. Curves from the aorta and femoral artery sh’owing absence of reflected waves. 
The dog has a low blood pressure (60/45) . 

standing waves which are seen when the blood ]n-es.sure is low in spite of vasocon- 
striction. The carotid surge and quick upstroke which are responsible for the 
pistol shot sound (see fig. 3 D) may not be present if the circulation has seriously 
deteriorated. 

Studies of pulse contours offer certain advantages over plethysmography in 
determining the degree of vasodilatation and hence in helping to decide whether 
low pressure is due to vascular relaxation or to oligemia accompanied by vasocon- 
striction. When blood pressure is extremelj^ low the pulsation of and the blood 
flow into the various peripheral organs is low whether there is peripheral constric- 
tion or not. This is the direct con.sequencc of the greatlj'- reduced blood flow 
(cardiac output) and this in turn results from the low venous pressure. The 
venous pres.sure maj”- be low whether the blood volume is reduced or whether the 
vascular bed is relaxed. 


SUMMARY 

The pressure pulse patterns in various artciies are described in terms of the 
filling and emptyng of the arterial tree and the added reflected waves which are 
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contributed by the various arteries. It is shown that these waves are reflected 
from constricted arterioles and that the form of the pulse may be used to evaluate 
the role of vasodilation in producing hypotension. 

This investigation was helped bjr a grant from the American Medical Asso- 
ciation. 
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CARDIAC INSUFFICIENCY IN THE VITAjMIN E DEFICIENT RABBIT^ 

0. BOYD HOUCHIN and PAUL W. SMITH 

From the Department of Pharmacology, The University of Oklahoma School of Medicine, 

Oklahoma City 

' Received for publication December 10, 1943 

Since 1928, when Evans and Burr (1) first reported the occurrence of muscular 
paralysis in rats deprived of %’itamin E, their findings have been duplicated in 
almost every conveniently available species of laboratory animal. The literature 
of this period has been thoroughly covered by Pappenheimer in his recent 
review (2). . , 

In 3 ’^oung rabbits, placed on a diet virtuall)’’ free of vitamin E at about 5, weeks 
of age, the development of the dystfophj'- follows a very characteristic course. 
At two to three weeks the animals begin to exhibit muscular weakness wliich 
increases ivith extreme rapidity to paratysis and death in 24 to 48 hours, many 
of them djdng in the pre-paralytic stage. The life expectancy of any of these 
animals can be estimated with a high degree of accuracy at any time within , this 
period by obseiwation of the extent of spontaneous acti^dty, the tone of the body 
musculatm-e and their resistance to handling, their ability to right themselves 
when displaced from the normal posture, etc. 

Since man or experimental animals can live for long periods with much 
more extensive paratysis than that observed in most of our animals at the time of 
death, and since the lesions in the skeletal muscles are generallj' admitted to be 
the most serious of anj’- which have been described thus far in vitamin E deficiency 

(2) , we became interested in deteimining, if possible, the actual immediate cause 
of death. 

If it is true, as most comparative studies seem to indicate, that “the more 
fundamental chemical energetics of striated and cardiac muscle are identical” 

(3) it did not seem reasonable to us that a nutritional dj’-strophj’- could proceed 
to the point of paralysis of the skeletal muscles without simultaneous involvement 
of the heart. Moreover, the suddenness of death lends suppoid to the view that 
it is the result of acute circulator^' failure. We have therefore investigated this 
possibility b 3 ^ the use of two procedures, one capable of precipitating failure in 
a weakened heart, the other designed to support a heart in which mjmcardial 
failure is imminent. 

Experiwextal. New Zealand Yfiiite rabbits, at 5 weeks of age, weighing 
about 750 grams, were separated into groups bj’" dhiding litter-raate pairs. One 
group was placed on a vitamin E deficient diet (4), wliile the second group 
received either their normal ration or the deficient diet plus alpha-tocopherol 
acetate. "When muscular dystrophj' became severe the animals received either 

^ Supported by a grant from the funds made available bj' the Legislature for Research 
in the University of Oklahoma School of Medicine, Oklahoma City. 
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posterior pituitary extract-, or one of the cardiac gl 3 ’'cosides^, intra^’enouslj^ 
Y-aj’- of the marginal vein of the ear. A dj^strophic animal and its littei-mate 
control were given the same drug as nearl 3 ’' simultaneousl 3 " as possible, and the 
duration of the sundval period obseia'ed. 

In table 1 we har^e recorded the effects of posterior pituitaiy on 7 vitamin E 
deficient and 7 normal animals. A dose of 0.1 cc. was immediateh’’ fatal to six 

TABLE 1 


The effect of posterior pitmtarn on normal and vitamin E deficient animals 



ANTlfAI. 1 

. 1 

I DOSE 

SURVIVAL FOLLOWING ADMINISTRATION 

OF DRUG 

’ 

Number 

AA'eight 

1 Individual 

i Total 

1 

Im- 

mediate 

death 

No e£Fect 


Vitamin E deficient 




gift. 

CC^ 

cc* 

minutes 



D-1 

>•960 

0.1 

0.1 

5-1 


Posterior 

D-2 


0.1 

0.1 

5 


pituitary 

D-4 


0.1 

0.1 

0.1 

0.1 

6 

1 



D-5* 

720 

d 

d 

d 

0.5 


Death at 3 hours— not 




• 



significantly different 
from e.xpectancy if 
if untreated. See note 

Pitressin | 

D-IS 


0.1 

b.i 

5 


D-19 


0.1 

0.1 

4 



Normal controls 



N-lt 

1560 

0.2, 0.1(5), 0.2 

im 






0.2, 0.5 


/ 

Complete recoverj- 

Posterior 

N-2t 

1630 

0.3, 0.2, 0.4 



Complete recovery 

pituitary 

N-3 

1030 

0.3 


o 



N-4tt 

730 

0.2, 0.2, 0.3, 0.4 



Complete recovery 

v 

N-5t 

840 

0.3 

0.3 


Complete recovery 

Pitressin | 

N-17 

1100 

0,2 

0.2 


Complete recoverj'^ 

N-18 

1100 

0.3 

0.3 


Complete recovery 


* Doses at 10 minute intervals. Severe reaction after each dose, 
t Syccessive doses at 5 minute intervals. Little reaction to any except the first, 
t Received vitamin E deficient diet plus adequate dl alpha-tocopherol acetate. 


of the d3rstrophic animals. The seventh died three hours after having i-eceived 
a total of 0.5 cc., in three doses at 10 minute inter'\''als. In conti-ast, 6 of the 7 
normal animals survived an initial dose tAvo or three times as large. Three of 

= Posterior Pituitary Solution Squibb (surgical strength); Pituitary Extract, Surgical, 
Sharp and Dohme; or Pitressin, Parke, Davis & Co. 

3 Ouabain (G-strophanthin) Merck, or Digoxin (glimoside of digilanid C from Digitalis 
Lanata), Burroughs, IVellcome and Co; 
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them received additional doses at 5 minute intei’vals, one receiving a total of 
0.9 cc. within a 10 minute period. Successive doses of equal size usually evoke 
progressively diminishing responses in the normal animal, so we attach no 
importance to the number given; but the final dose was large enough in each of 
these cases to emphasize the normally high resistance to the drag. 

The dystrophic animals reacted to the initial dose uith a brief period of 
straggling, very much limited in intensity by their muscular weakness. This 
was followed by complete collapse; the heart beat could not be detected through 


TABLE 2 

The effect of digoxin on normal and vitamin E deficient animals 
Dose — 0.5 mgm. (1 cc.) per kgm. See notes 


AliTilAI. 

r^EDICTED 

SURVIVAL 

SURVIVAL rOLLOWING ADinNXSTEATlON OF DRUG 

Number 

AA'eight 

Immediate 

death 

Eitendcd 

survival 





Vitamin E deficient 

✓ 


Sms. 





D-6*t 

1300 

2 to 6 hours 


3i days 


D-7t 

1000 

1 to 2 hours 


2j- days 


D-8 

1000 

1 to 2 hours 


36 hours 


D-9 

900 

1 to 2 hours 

5 min. 


Collapsed during injection 

D-lOi 

1000 

2 to 6 hours 


24 hours 


D-llf 

1100 

2 to 6. hours 


7 days 


Normal controls 

N-6§ 



2 hours 



>s-7 



31 hours 



N-8 



45 min. 



N-9 



45 min. 



N-10 



30 min. 



N-11 



15 min. 




* Initial dose of 0.25 mgm. per kgm., followed 0.5 mgm. per kgm. 18 hours later, 
t Paralysis complete after 24 hours; could not eat during remainder of period. 

% Pulmonary edema at time of death. 

§ Dose = 0.425 mgm. per kgm. 

tlie chest wall, and the ears Avere completely blanched. After one or two minutes 
the heart beat again became palpable, its force gradually increasing, but vith 
gross irregularities suggesting extrasystoles. With returning consciousness there 
Avas a brief outburst of conAUilsh’-e activit}’-, during AA'hich the heart stopped 
abruptly. Respiration usually persisted for a few cycles. 

Normal animal N-3 struggled AA'ith extreme Adolence duiing and after the 
administration of the drug, and did not recoA'er from the collapse AA-hich folloAved. 
With this exception none of the control animals suffered complete collapse; 
neither did the heart beat at any time become so AA'eak as to be imperceptible. 
In table 2 the protecth-e action of digoxin on the heart of the Adtamin E 
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deficient animal is contrasted with its lethal effect in normal controls. With 
the exceptions noted, these animals received the calculated minimum lethal dose; 
0.5 mgm. per kgm., or 1.0 cc. per kgm., of the preparation used. On the basis of 
past experience we could predict death within 6 hours at the most for even the 
least affected of these E deficient animals. We believe, therefore, that this table 
is self explanatory and that the protective action of digoxin is amply 
demonstrated. 

In table 3 a similar protective action by ouabain is demonstrated. Although 
in this case also the calculated minimum lethal dose was given (0.2 mgm. per 
kgm.), it did not prove to be the L. D. 100 for the normal control animals. 
The E deficient, animals in this group were in an earlier stage of dystrophy, so 


TABLE 3 


The effect of ouabain on normal and vitamin E deficient animals 


ANBIAL KUMBEE 


STOVOVAL 


Vitamin E deficient — ^wt. 750 to 1100 grams 



D-12 

Survived despite severe dystropliy and were killed 

Ouabain, 0.2 mgm. 

D-13 

4 days after receiving drug 

per kgm. 

D-14 

Dead at 24 hours 


D-15 

Died'2J days after receiving drug 

Controls— no drug 

D-16 

(Dead 16 hours after time of administration of drug 

administered 

V 

D-17 

I to other animals 


Normal — wt. 850'to 1200 grams 


Ouabain, 0.2 mgm. 
per kgm.' 


N-12 

N-13 

N-14 

N-15 

N-16 


jRecovered completely 
joead at 16 hours 


the drug was withheld from two of them to obtain more accurate infonnation as 
to their expectancy’’ if untreated. The drug was administered in late afternoon. 
All the animals were Imng at 9 p.m. that same evening, but the two dystrophic 
controls and tln-ee of the injected normal controls were dead the next morning, 
16 hours after the time of injection; some of the animals had been dead for 
several hours. Although two of the normal controls which received the drug 
recovered completely’-, it is obvious that all of the dystrophic animals which 
received it outlived their expectancy (less than 16 hrs. — see above) by hours or 
days. 

Thoracic x-ray films were made on a number of these animals, both normal 
and dystrophic, in an effort to determine whether there were any significant 








246 


O. BOYD HOUCHIX AND PAUL Y', SAflTH 


differences in heart size. , The normals were deprived of food foi- 24 hours, after 
which dystrophic and normal animals of equal weight were chosen for comparison. 
Exposures were made at the standard tube distance of 30 inches. Visual com- 
parison and rough measurements, after allowance for rotation and any other 
detectable artifacts, indicated some cardiac enlargement in the dystrophic 
animals. Our series is small, however, and since our present facilities are 
inadequate for a thorough investigation, we do not wish to emphasize this point. 

An early attempt was made to obtain graphic records of the effect of these 
drugs on heart action but was al^andoned because we had no method available 
at that time which did not requhe the use of an anesthetic. 

Discussion. The lesions which occur in the voluntaiy muscles of vitamin E 
deficient rats were fii*st described b}'- Olcott (.5), who reported that no pathology 
could be found in the heart. jNIorgulis, Wilder, Spencer and Eppstein (6) 
found no change in the lipid content of the heart in d 3 'strophic rabbits although 
an increase in fat content is one of the most characteristic changes in the skeletal 
muscles. There are obsen^ations in the literature, however, Avliich indicate that 
functional and metabolic changes maj’- become apparent before pathological 
changes appear. Khowlton and Hines (7) found that the capacity for work 
could be reduced b.v as much as 50 per cent in the gastrocnemius muscles of rats 
on a vitamin E deficient diet at a time when only a few of the fibres showed 
hyaline changes. Numerous workers have demonstrated an increase in the 
resting ox.ygen consumption of d^'strophic muscle from vitamin E deficient 
animals (4, 8, 9, 10), amounting to 200 to 400 per cent in some cases. Recenth', 
Kaunitz and Pappenhcimer (11) liave .shown that this increase become? sizable 
in the muscles of -^fitamin E deficient young rats before any pathological change? 
are detectable, and one of us (0. B. H.) in unpublished experiments, has found 
that the oxygen consumption of heart muscle slices from E deficient hamsters 
may be increased as much as 40 per cent. 

Two recent observations in the literature suggest an explanation for the ability 
of the heart to resist functional deterioration until the dj'strophj' is well advanced 
in the skeletal muscles. iMason (12) has showm that heart and lung tissue from 
noinial animals may contain twice as much vitamin E as bodj'- fat, in which fat 
soluble substances might be expected to concentrate, or liver, which is notable 
as a storage reseivoir for other vitamins. That the heart maj’- be able to retain 
its more adequate supph' in the face of depletion elsewhere is indicated bj' the 
obsenrations of Hines and iMattill (13), Avho found that tocopherol added to 
minced tissue could not be recovered quantitative!}" Avithout the addition of 
sulfuric acid. 

EA^entuall}", lioAA'eA’er, as our experiments shoAA-, the heai-t is reduced to the 
failing state through a cjY-le of eA^ents AA’hich Ave visualize as folloAvs: Depletion 
of Autamin E leads to an increased oxj-gen demand and a i-educed capacitj' for 
AA'ork. This increased oxj’gen requirement is obA^ioush" independent of heart 
A"olume, since it has been found to occur in isolated .skeletal muscle and heart 
slices. The reduced capacitA' for AA'ork, hoAA’eA^er, leads to dilatation, Avhich 
superimposes a further increase in oxygen requirement. 
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Thus the vitamin E deficient, failing heart becomes exceedingly sensitive to 
any reduction in, its oxygen supply. ' Posterior pituitarj’- extract, through the 
action of pitressin, greatly reduces the coronaiy blood florv (14) and precipitates 
the crisis which we have described. 

It is generall}’’ accepted that the failing heart, particularly if it is dilated, is 
more resistant to the to.xic effects of the cardiac glycosides than is the normal 
(15, 16, 17), and that a dose of digitalis which may be beneficial to such a failing 
heart may have dangerous, or even fatal consequences in noimal indiidduals due 
to a reduction of cardiac output or to disturbances of the noimal cardiac rhythm. 
Since the majority of our vitamin E deficient animals lived for several days 
beyond the predicted tirne of death after receiving digoxin or ouabain, they were 
obviously benefited. Tlie actions of digitalis to which tliis benefit may be 
ascribed are first, direct stimulation of the mj’-ocardium, with an increased 
cardiac output and a reduction of heart volume resulting from the greater 
strength of systole; second, an increase in efficiency' which results in a greater 
work output at a given rate of oxy'^gen utilization (18). 

Since it is recognized that cardiac function may’’ be impaired in such deficiency 
symdromes as beri-beri and iiellagra, ive are tempted to suggest that -vitamin E, 
which has come to be recognized as a specific factor in the maintenance of noimal 
metabolism in striated muscle, may also play a role of major importance in the 
maintenance of normal cardiac function in man. 

SUMiALiRY 

We have shown that rabbits in a state of nutritional muscular dystrophy as 
the result of vitamin E deprivation exliibit the following signs of severe 
my’-ocardial damage: 

1. A greatly’’ increased sensitirity’’ to posterior pituitaiy extracts; they’’ are 
killed by doses much smaller than those which are well tolerated by’’ noimal 
control animals. 

2. A high resistance to the toxic effects of the cardiac glycosides; theh lives 
are preserved for several days beymnd the predicted tune of death in the majority 
of cases, by doses of digoxin or ouabain ivliich are lethal to normals. 

3. Probable cardiac dilatation, as revealed by thoracic x-ray’ films. 

From these findings we conclude that the sudden death of vitamin E deficient 
animals in an advanced stage of muscular dy’strophy’ is due directly to myocardial 
failure. 

' I 

The authors Avish to acknoAvledge their indebtedness to Dr. Ernest Lachman 
of the Department of Anatomy, who made the x-ray’ films from Avhich the 
information on heart size Avas obtained. 
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The present investigation is a part of the Nutrition Laboratory’s general pro- 
gram of research on the biological variations in the response of the respiratory 
exchange to ingestion of glucose, levulqse, and galactose. Because of the simi- 
larity of the monkey to man in several aspects of its physiology, the study of the 
effect of ingestion of hexoscs on the respiratory exchange of the monkey is a 
logical part of the general program. 

Methods and procedure. The respiratory exchange^ was determiiied b}"- the 
open-cii’cuit chamber principle, which involved measuring the total ventilation, 
aliquot sampling of the outgoing an*, and anal3’'sis by means of an accurate gas 
anatysis apparatus (Carpenter, 1933). The accuracj’’ of the analyses was con- 
trolled by analj^ses of outdoor air or air from burning ethyl alcohol. Seven 
adult female rhesus monkeys were used. Thej”^ were deprived of food during 24 
hours before each experiment, and they had been for at least 24 hours at an 
environmental temperature of 22° to 29° and were measured at a chamber temper- 
ature of about 28°C. Water and sugar solutions, at 39°C., ■were given by stom- 
ach tube. Five series of experiments were canied out, namely, vith no dose and 
minimum amount of handling, after administration of 105 cc. of water given in 
portions of 70 and 35 cc. immediately foUo'wing one another, and after administra- 
tion of 14 grams of glucose, fi-uctose, or galactose in 70 cc. of water plus 35 cc. 
for rinsing funnel and tubing. The amount of sugar given was calculated, for 
comparative purposes, on the basis that the dose for the monkey should have the 
same ratio to a dose of 100 grams for an adult 70-kgm. man as the basal oxygen 
consumptions of these two (about 35 and 250 cc. per minute, respectively). 
The measurements were begun -ndthin 18 to 27 minutes after the dose and con- 
tinued for 8 consecutive periods of 30 minutes each. In the comparisons made 
in the folloAving pages between the effects of hexoses on the metabolism of the 
monkey and that of man, the statements regarding man are based on articles 
of Carpenter and his co-workers, wliich are cited in the bibliography at the end 
of this article. 

Results. Res-piratory quotient (R.Q.). In the 3 experiments -^vith no 
administration of sugar and minimum amount of handling, the R.Q.’s in the 

^ A preliminary report was presented at the fiftieth annual meeting of the American 
Physiological Society in Baltimore, Md., in 1938; This Journal 123: P32, 1938. 

- Present address Department of Zoologj’^, University of Illinois, Urbana, Illinois. 

^ The measurements of the respiratory exchange and the gas analyses were made at the 
Baltimore laboratory by Mr. Basil James, formerly of the Nutrition Laboratory staff. 
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first two periods were, except in one instance (no. 265, first period), lower than 
in any of the periods follomng (table 1). In spite of care in handling the mon- 
keys, they were probably excited during the introduction into the chamber wth 
the result that during the first hour there was an overvmntilation, which was 

TABLE 1 


Respiratory quotients of rhesus monheys after ingestion of hexoscs 


KINO OF EXPT. PATE 

(1937) 

MONKEY 

KO. 

RESMRATORV QUOTIENT (MIKUTES ,\rrER DOSE) 

0-30 

30-60 

60-00 

90-120 

120-150 

ISO-lEO 

180-210 

210-240 

No dose, no handling 










Nov. 24 

265 

0.73 

0.68 

0.73 


0.74 

0.76 

0.75 

0.75 

Nov. 29 

393 

0.65 

0.71 

0.75 

0.76 

0.75 

0.76 

0.75 

0.76 

Nov. 15 

430 

0.71 

0.71 

0.73 


0.75 

0.75 

0.76 

0.76 

Water, 105 cc. 










Nov. 1 

73 

0.73 

0.72 

0.77 

rm 

0.76 

0.77 

0.77 

0.77 

Nov. 22 

97 

0.82 


0.84 


0.85 

0.85 

0.84 

0.83 

Nov. 26 

97 

0.66 


0.72 

my 

0.73 

0.72 

0.73 

0.72 

Oct. 22 

245 

0.64 

0.70 

0.75 




0.75 

0.74 

Nov. 8 

434 

0.66 

0.71 

0.75 


0.75 

0.74 

0.80 

0.74 

Glucose, 14 gm. 










Oct. 25 

73 

0.91 

0.98 

1.00 

1.04 

1.01 

1.00 

1.01 

0.98 

Oct. 28 

97 

0.82 

0.95 

1.00 

1.00 

1.01 

0.92 

0.83 

0.76 

Nov. 5 

245 

0.71 

0.81 

0.87 

0.91 

0.89 

0.90 

0.87 

0.83 

Nov. 9 

265 

0.78 

0.93 

0.95 

0.98 

0.95 



0.89 

Nov. 23 

430 

0.88 

1. 01 

1.02 

0.99 

0.92 

0.86 

0.82 

0.79 

Fructose, 14 gm. 










Oct. 29 

245 

0.8G 

0.96 

0.95 

0.94 

0.88 


0.79 

0.79 

Nov. 19 

265 

0.73 

0.77 

0.80 

0.78 

0.79 

InEy 

0.74 

0.73 

Nov. 3 

393 

0,72 

0.81 

0.88 

0.87 

0.75 

limn 

0.78 

0.77 

Nov. 10 

430 

0.76 

0.87 

0.82 

0.77 

0.77 

0.77 

0.76 

0.76 

Oct. 26 

434 

0.77 

0.90 

0.91 

0.91 

0.90 

0.90 

0.78 

0.77 

Galactose, 14 gm. 










Nov. 4 

97 

0.70 

0.74 

0.77 

0.78 

0.79 

0.79 

0.80 

0.77 

Nov. 16 

97 

0.85 

0.84 

0 82 

0 81 

n sn 

0 80 

0 SO 

0.79 

Nov. 11 

245 

0.73 

0.81 

0.84 

0.85 

0.85 

0.84 

0.86 

0.84 

Nov. 12 

265 

0.73 

0.79 

0.82 

0.79 

0.81 

0.80 

0.81 

0.78 

Oct. 27 

393 

0.66 

0.76 

0.78 

0.78 

0.75 

0.77 

0.76 

0.76 

Nov. 2 

434 

0.82 

0.90 

0.90 

0.91 

0.90 

0.91 

0.90 

0.90 


followed by a compensator}' lowering of the R.Q. From the third half hour on, 
the R.Q. %'aried between 0.72 and 0.7G, and for each e.xperiment the level was 
reasonably constant. With 105 cc. of water without sugar the results are some- 
wiiat similar to those with no dose, with the exception of the quotients for 
no. 97 on November 22. This animal maj’- have obtained food in some unknowm 
w'ay. 
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HEXOSES AND RESPIRATORY EXCHANGE IN THE MONKEY 

After the ingestion of 14 grams of glucose there was an immediate rise in 
R.Q. in 4 of 5 experiments, winch masked the depressing effect of handling shown 
in the series with no dose and ndth water. In the second half hour the rise was 
marked in all 5 experiments, and the R.Q. continued at a liigh level in all experi- 
ments through the sixth half hour and in two of them throughout the 4 hours. 
The results indicate that glucose was metabolized rapidl}'" and that there was a 
marked increase in carbohydrate combustion or even possibly some conversion 
of sugar to fat. Glucose caused a greater rise in the R.Q. of the monke.y than 
in that of man. The peak for the monkey came at the third to fifth half hour, 
wliich is about the time it would occur vdth man after 40 to 100 grams of glucose. 
•The fall after the peak was slightlj’' more rapid A\ith the monkej'’ than vith man. 

The ingestion of 14 grams of fructose was accompanied bj'^ an immediate rise 
of the R.Q. in the first half hour in 3 of 5 experiments, and the maximum rise 
occurred in all of them b 3 ’' the third half hour. The rise was not so large and 
sustained as vdth glucose, and the fall was more rapid than vath glucose. The 
results vnith the monkej’’ are different from those with man, as fioictose produces 
in man a greater rise in R.Q. than does glucose, with a resulting greater apparent 
combustion of sugar. The peak vdth monkej’-s was in the second and third 
half hours, slightlj'- later than with man. 

Tliere was more imiformit}^ in the rises in the monkeys’ quotients after glucose 
or fructose than after galactose. In the latter case the R.Q.’s showed little or 
no rise above the base line in 3 e.xperiments, marked rises in 2 experiments, 
and an abrupt rise followed mimediateh’’ by a decrease in one experiment. This 
lack of uniformit.y among the monke3’'S in their response to galactose is similar to 
the finding with Avomen, who showed more variabilit3’’ than men in the R.Q. 
after ingestion of galactose. On the average, the maximum rises in the R.Q.’s 
of the monke3''S were smaller after galactose than after the other rivo sugai-s and 
smaller than the marked rises found with both men and women after 40 or 50 
grams of galactose. However, the maximum lises in the monke3"s’ quotients 
were sustained for a longer time after galactose than after glucose or fructose. 
^Moreover, the maximum quotients of the monke3^s persisted for 3 to hours 
after galactose, Avhereas Avith man the maximum was reached in about 1 hour and 
thereafter the quotients fell rapidl3^ As 3 monke3^s from AAdiich it was possible 
to obtain urine samples shoAved excretion of sugar in the urine after galactose 
ingestion, it is probable that monke3^s, like humans, do not have a high tolerance 
for galactose. 

Oxygen dbsorplion. The values of the ox3'^gen absorption for the succe.ssivc 
half-hour periods are gh^en in table 2. In general, the highest values are found 
in the first half hour, probably as the result of preAuous actiAuty and excitement. 
The values fall thereafter slight^ but continuousl3’' or reach a constant level in 
the remaining half houi-s. The results are presented to enable the calculation 
of the heat production, and detailed discussion is unnecessar3^ 

Proportion of heat production supplied by carbohydrates. The total heat pro- 
duction during the 4 houi-s of measurement has been calculated from the R.Q. 
and the total oxygen absorption. The amount of carbolydrate bumed and the 
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proportion of the total heat production supplied by carbohydrate have been 
estimated on the assumption that the oxygen required for protein combustion 
was 15 per cent of the average basal oxygen consumption in the experiments with 
no dose. On this basis it was calculated that the average urinary nitrogen 


TABLE 2 


Oxygen consumption of rhesus monkeys after ingestion of hexoses 
(Liters per 30 minutes) 


KINT) OF EXIT. AOT DATE 


MONKEY 


OXYGEN CONSUMPTION (inNBTES AFTEK DOSE) 


(193?) 

NO. 

0-30 

30-60 

; 60-90 


120-150 

150-180 

180-210 

210-240 

No dose, no handling 





i 



- 


Nov. 24 

265 

1.61 

1.22 

1.24 

1.19 1 

1.15 

1.13 

1.12 

1.11 

Nov. 29 

393 

1.33 

1.00 

1,09 

0.98 1 

1.03 ? 

1.01 

1.03 

1.00 

Nov, 15 

430 

1.73 

1.15 

1 

1.23 1 

! 

1.17; 

1.14 

1.10 

1.11 

Water, 105 cc. 





1 


1 



Nov. 1 

73 

1.20 

1.11 

1.18 

1.23 j 

1.09 

1.15 i 

1.13 

1.13 

Nov. 22 

97 

1.72 

1.45 

1.36 

1.33 i 

1.31 

1.29 

1.30 

1.28 

Nov. 26 

97 

1.43 


1.07 

1.03 

1.06 

1.08 

1.04 

1.02 

Oct. 22 

245 

1.50 


0.91 

! 0.97 

0.91 

! 0.89 

0.89 

0.89 

Nov. 8 

434 

0.99 



0.97 

0.85 

1 

0.83 

1.02 

1 

0.83 

Glucose, 14 gm. 










Oct. 25 

73 

1.64 

1.32 

: 1.24 

1.31. 

1.29 

1.29 

i 1.33 

l.?7 

Oct, 28 

1 97 

1.28 

1.11 

l.OS 

1.08 

0.99 

0.96 

! 1.00 

1.04 

Nov, 5 

: 245 

1,13 

0.90 

0.86 

0.82 

0.85 

0.83 

0.81 

: 0.S6 

Nov. 9 

265 

1.42 

1.15 

! 1.14 

! 1.08 

! 1.20 

1.10 

1.13 

! 1.10 

Nov. 23 

430 

1.85 

1.3S 

1.34 

i 

1 1.20 

1.20 

1.20 

1.17 

1.22 

Fructose, 14 gm. 




i 

! 






Oct. 29 

245 

1.11 

0.98 ^ 

0.97 

0.98 

0.90 

I 0.84 

I 0.86 

! 0.83 

Nov. 19 

265 

1.57 

1.23 i 

1.19 

1.14 

1.18 

1.03 

1.07 

1.10 

Nov. 3 

393 

1.50 

1.22 j 

1.19 

1.12 

1.09 

1 1.04 

1 1.03 

i.oi 

Nov. 10 

430 

1.81 

1.43 

1.25 

1.28 

1.25 

1.17 

1.18 

1.16 

Oct. 26 

434 

1.30 

1.11 , 

1.06 

1.01 

1.04 

1.04 

0 92 

0.91 

Galactose, 14 gm. 



Nov. 4 

97 

1.49 

1.19 ' 

1.18 

1.15 

1.16 

1.08 

1.00 

1.04 

Nov. 16 

97 

1.61 

1.22 

1.28 

1.19 

1.22 

1 1.22 

1.19 

1.17 

Nov. 11 

245 

1.17 

0.88 

0.87 

0.91 I 

0,83 

j 0.85 

0.83 

0.86 

Nnv. 12 

265 

1.40 

1 27 

1 14 

1 9n 

1 1R 

! 1 1/1 

! 1 09 

1.13 

Oct. 27 

393 

1.47 

1.16 

1.19 

1.14 i 

1,15 

1 X * ^ A 

1.16 

1.13 

1.13 

Nov. 2 

434 

1.18 



0.96 


1 0.94 




elimination of these monkeys was 0.31 gram per kilogram of body weight per 
24 houm. This value is supported by similar values calculated from uiinary 
nitrogen data for monkeys reported in the literature (Hunter and Givens, 1914; 
Friedemann, 1934) and was used in all the calculations of carbohydrate combus- 
tion. The results are given in table 3. In the two series with no dose and with 
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water the energy supplied carbohydrate was under 15 per cent, with the 
exception of no, 97 on November 22. After the ingestion of glucose the values 
range from 42 to 89 per cent, after fructose from 14 to 53 per cent, and after 

TABLE 3 


Heat 'production related to carbohydrate combustion of rhesus monkeys 


KIND OF rxrr. and date 
(1937) 

MONKEV NO. 

BODY WEIGHT 

Total heat 
production 

PER 4 HOUR! 

Carbohydrate 

combustion 

s 

Proportion of 
heat from 
carbohydrate 
combustion 

- 



calories 

grams 

per cent 

No dose, no handling 






Nnv. 24 

265 

4.7 

46.1 


4 

Nov. 29 

393 

4.0 

39.9 

^9 

3 

Nov. 15 

430 

4.6 j 

1 

46.0 

0.7 

6 

Water, 105 cc. 






- Nov. 1.. 

73 

4.0 

43.7 


12 

Nov. 22 

97 

5.2 

53.5 


40 

Nov. 26 

97 

4.6 

41.3 


0 

Oct. 22 

245 

3.5 

37.4 

0.2 

2 

Nov. 8 

434 i 

1 

3.9 

34.5 

0.3 

4 

1 

- Glucose, 14 gm. 


i 




Oct. 25.' 

73 

4.1 

5-1.3 

11.4 

89 

Oct. 28 

97 

4.7 

42.2 

6.4 

64 . ' 

Nov. 5 

245 

3.6 

34.2 

3.4 

42 

Nov. 9 

265 

5.0 

45.9 

6.7 

62 

Nov. 23 

430 

5.0 

52.2 

8.1 

66 

Fructose, 14 gm. 






Oct. 29..... ■■ 

245 

3.6 

36.6 

4.6 

53 

Nov. 19 

265 

. 4.8 

45.3 

1.5 

! 14 

Nov. 3 

393 

4.5 

44.1 

2.5 

24 

Nov. 10 

430 

4.9 

50.4 

2.7 

23 

Oct. 26 

434 

4.2 

40.9 

4.4 

46 

Galactose, 14 gm. 






Nov. 4 .' 

97 ■ 

4.5 

44.1 

1.5 

14 

Nov. 16. 

97 

4.9 

48.6 

3.8 

33 - 

Nov. 11 

245 

3.6 

34.8 

1 2.9 

35 

Nov. 12 

265 

4.8 

45.7 

! 2.6 

24 

Oct. 27 

393 

4.7 

45.1 

1.1 

10 

Nov. 2 

434 

4.2 

37.9 

5.2 

58 


galactose from 10 to 58 iier cent. The ingestion of sugar in all three instances 
resulted in a greater proportion of heat derived from carbohydrate than was the 
case when no sugar was given. With man vdth no dose or with water, carbo- 
hydrate supplied from 27 to 43 per cent of the energy output in 2f to 3| hours, 
50 grams of glucose supplied, on the average, 53 per cent and 104 grams 62 per 
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cent in 2| to 4 hours, 50 grams of fructose 62 per cent and 104 grams 78 per cent 
in 2| to 3| hours, and 50 grams of galactose 56 per cent in 3 houm. With man 
the order with respect to proportion of heat production supplied by carbohydrates 
was fructose, galactose, and glucose. With the monkeys glucose gave the liighest 
proportion, whereas fructose and galactose gave somewhat smaller values but 
about equal to each other. 

Increases in heat 'production resulting from ingeslion of hexoses and specific 
dynamic action. The percentage increases in heat production during the 4 horn's 
after ingestion of the sugars have been calculated, not from the average results 
for each series but by comparison of the heat production of the individual monkey 
after each of the sugars Awth the heat production of the same monkey in the no 
dose or the water experiment. With all but 2 monkeys the results show, on the 
average, increases in heat production of from 12 to 13 per cent in the three series 
'with sugars. The specific d'v'namic action of the sugars (the percentage relation- 
ship between the fuel value of the sugar and the increase in heat production above 
the base line during tlie 4 hours of measurement) is estimated to average 1 1 .3 per 
cent for glucose, 9.5 per cent for fnictose, and 9.0 per cent for galactose. The 
specific djTiamic action of these sugai's (50 to 100 grams) with man was, on the 
average, somewhat lower. 


SUMMARY 

The respiratory exchange of 7 adult female rhesus monkeys was determined 
for 4 hours after no dose, after 105 cc. of water, and after the administration by 
stomach tube of 14 grams of glucose, fmetose, or galactose. Glucose caused 
the greatest rise in R.Q., fructose the next greatest, and galactose the least. 
The order with man is fructose, galactose, and glucose. With the monkeys the 
proportion of heat jn’oduction supplied by carbohydrates was the greatest after 
glucose; the proportions were somewhat smaller after fructose and galactose but 
about equal to each other. With man the order in this respect is fnictose, galac- 
tose, and glucose. All three sugars caused increases in the heat production of 
5 of the 7 monkeys of 12 to 13 per cent over that in experiments with no dose or 
water. The specific dynamic action of these sugars was about 9 to 11 per cent, 
which is somewhat more than that with humans. 
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The ol^servation that an increase in acid cotieentralion frequentlj'' occurs during 
fractional gastric analysis after the administration of certain antacids has led 
to tlie concept of "rebound” or “secondaiy” acid secretion. However, the 
effect of antacids on the amowits of secretion and of free hj'-drochloric acid has 
remained largely obscure. Our investigation of this aspect of the problem with 
NaliCO.-! has been reported (1) and we are now presenting a similar studj’- of tlie 
effect of aluminum hj'^drpxide gel on gastric secretion. 

The important position of alunrinum h 3 ^droxide gel among antacids rests on a 
secure foundation of experimental and. clinical reports. It is generally agreed 
that ibis, antacid has no rebound effect, and the recent report of Komarov and 
Ki’euger (2) indicates that it maj’- decrease secretion. Working vith a Pa\dov 
pouch dog which also had a fistula from the exteiior into the stomach, the\'' found 
that very large doses of aluminum hji-droxide gel (60-90 cc.) diminished the 
secretory response. Doses up to 40 cc. administered just after a test meal were 
without effect, but when 20 cc. were administemd 15 minutes before the test 
meal and a second 20 cc. were given If hours after the meal, the volume of secre- 
tion was markedlj' decreased without effect on acidity". Since their results were 
obtained chiefl 3 ’- wth massive doses of aluminum h 3 ’droxide gel on individual 
da 3 %s of experimentation, wc have investigated the effects of this antacid in 
moderate dosage when it was administered three times daiU^ after a test meal for 
five consecutive daA-s. 

ExPEniMKNTAL. The routine and methods previous^" reported, using the 
Cope pouch dog and a technic developed in this laboratory (1), were employed 
in tins study. Wartime conditions, however, required a change in dog food after 
the second series of experiments. Canned Bovex was replaced Iw a deh 3 'dratcd 
jiroduct sold under the same name, but of different composition (originally' a 
fish base). The new food was mixed each morning vith the usual supplements 
of NaCI and HGI and sufficient water was added to approximate the consistenc 3 ' 
obtained originally' with the canned food. Complete studies were carried out 
vith the new food to determine that mixing the food in the morning, rather than 
at 4:00 p.m. on the previous day^ produced no change.in the secretory' re.spon.se. 

Two Cope pouch dogs were used. Five series of experiments were made on 
each animal during a period of one y'ear. Each series con.sisted of a week of con- 
trol observations followed by a week of observations during which each animal 
received aluminum hydroxide gel by' stomach tube at 9 and 11 a.m. and 2 p.m. 
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oacli clay from Monday Ihroiigli Friday’ inclusively. Fifty cubic centimetei-s of 
a diluted gel, mndc by mixing 1 part of aluminum hydroxide gel (Amphojel) 
vith 3 parts of vat or by volume, vcre given each time. A week of control ob- 
servations also followed each week of gel feeding. 

llio pouch dogs were in excellent condition. Dog 1, a female, was 10 to 21 
months post-ojicrativc and ranged from 10.3 to 11.2 kgm. in weight. This 
animal had a large jiouch and on control routine .secreted about 300 cc. of juice 
in 2-i hours of which 50 to 75 cc. were secreted at night (5 ]i.m. to S a.m.). Dog 
2, a male, was 0 to 20 months ])ost-oj)erative and weighed tVom 14.9 to 15.2 kgm. 
O'his animal secreted about. 1.50 cc. in 24 hours but. only 2 to 10 cc. at night. Be- 
cau.se of the .small night .seerction in this dog small changes in night wdues appear 
a.s very large changes in per cent , and for this reason they are indicated in figure 
2 by serrated edges to indicate the direction of change nither than the amount 
of change. 

Results. The averages of data from three consecutive da.ys during the week 
of aluminum hydroxide gel feeding were comjiared with similar averages of the 
jn-cceding control week. These results arc shown in figures 1 and 2 expressed in 
terms of the percentile de\'iation of averages of an experimental week from the 
corresponding average.s of the preceding control week. Jn both animals during 
tbe fir.st two .serie.s of study there were .significant increases in the volume, total 
chloiide and free acid, with less clear cut increases in total b.a.se. In the remain- 
ing thrae serie.s neither animal showed significant changes fi’om control, except 
dog 1 , .series 5, in which the free acid appeal's markedly increased. No consistent 
.shift in secretory iictivity to an earlier jicriod of the da}’" is (n'ident- in these ex- 
periments as was seen with NaHCO.t (1). 

The re.sults (not shown) of the control weeks following aluminum hydroxide 
gel administration are in close agreement with the corresponding control weeks 
which preceded the antacid administration. 

The observations on hematology and blood chemistry .showed no variation 
of significance. 

Discussiox. The exjilan.ation of the greater changes ob.ser\'Cd in scries 1 and 
2 in comparison wit h those of series 3, 4 and 5 is not a])parent The only known 
^•ariable between these groups of experiments was the change in the test meal. 
Perhaps the effect of certain antacids on gastric secretion is modified by the 
nature of the food’ used t o stimulate .secretion. Unfortunately the effects ob- 
served on the original food could not be reinvestigated. However, the ad- 
ministration of NaHCO.T during the feeding of tlie now food has been repeated 
and our original findings were confirmed. This suggests that some factor entered 
into series 1 and 2 which was absent in the later series, and we place more con- 
fidence in the later observations. The increase in free acid observed in dog 1, 
series 5, cannot be exclusivelj^ attributed to the effect of the antacid, since this 
animal was isolated at the beginning of the week of antacid administration be- 
cause of the appearance of oestrus. The obser\'ation that the administration 
of aluminum hydroxide gel jn-oduced no apparent effect on acid-base equilibrium 
agrees with numerous reports (3, 4, 5 etc.). 
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Under the conditions of these experiments, no depression of secretory activity 
was produced either during the administration of the aluminum h 3 *droxide gel 
or in the control periods following antacid administration. These findings, 
therefore, are not in agreement with the ob.servation.s of Komarov and 
Kraeger (2), 

In general these experiments indicate that aluminum hj-^droxide gel in moderate 
dosage produces no significant effect upon the amount of gastric secretion. 

SUMMARY 

The effect on pouch secretion of five consecutive days of feeding moderate 
doses of aliuninum hj^droxide gel three times daily after a test meal was studied 
using the Cope pouch dog. 

No depression of .scci’ctory activity occurred either during or after tlic ad- 
ministration of the antacid. 

The admini-stration of moderate doses of aluminum lyydroxide gel was ac- 
companied b}" occasional increase.s in volume, total chloride, total base, and free 
acid of the pouch secretion, Irut in the majority of experiments these increases 
were too .small to be significant . 
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Recent investigations have shown that the graying of hair can be produced 
experimentally b 3 ^ such different factors as x-ra^'S (1), tlie administration of 
certain chemicals (2) and also by vitamin B deficienc.y (Bakke ct al. (3)). The 
latter authors believe that the loss of color of the fur results from an unknown 
substance present in the wheat germ rather than to a deficiency. Since then, 
inve.stigators have focused attention on the influence of vitamins of the B complex 
on achromotrichia, especiall}’' p-aminobenzoic acid (4), pantothenic acid (5) and 
more recentl.y folic acid (G), either alone or combined with other vitamins. The 
results are contradictoiy, due perhaps to .species or strain difference of animals > 
emplo.ved. Rats of weaning age were u.sed in some investigations; the.y are more 
dependent on diet for rapid growth and maj' differ in this wa.v from adult animals. 

As reported earlier (7), C-o7 male and female mice on a deficient diet i-espond 
differentl}'. Fift 3 ’’-fiA’^e per cent of the males showed ^mrjdng degrees of grajdng 
on the 30th daj^ in contrast to G per cent of the females. 

AIethods. Adult C-57 mice were caged in groups of G to 8. This strain in 
contrast to others can be raised and will reproduce on a synthetic diet (8). The 
diet supplied in these experiments was like that emploj’ed bj' Unna (9). Water 
was at all times accessible, reinforced with vitamins under test for prevention 
01 ’ cure of achromotrichia. Sex hoimones in sterile peanut oil were admini.stered 
b.v subcutaneous injection. Observations on change in color were made once 
a week.' 

Result.s. Groups of G to 8 male mice wci’e kept on the deficient diet until 
they shoAved marked gra 3 ang. Therap}'- then Avas instituted and obseiwations 
continued for a further period of 2 to 16 AA'eeks. Based upon this therapy, the 
animals are diAusible into the fiA^e folloAAdng groups : 

Group A: 100 gammas of p-aminobenzoic acid in each millilitei' of drinking 
AA'ater. 

Group B : 70 gammas of calcium pantothenate and 350 gammas p-aminobenzoic 
acid in each milliliter of drinking AA'ater. 

Group C: 70 gammas calcium pantothenate, 350 gammas p-aminobenzoic acid 
and 100 gammas inositol in each milliliter of drinking AA'ater. ' 

Group D; 100 gammas calcium pantothenate, 100 gammas p-aminobenzoic 
acid and 100 gammas C3^stine in each milliliter of drinking AA'ater. 

Group E: Rockland mouse diet and oats. 

No change in the degree of achromotrichia Avas noted in groups A to D in- 
cfusiA-elA'. The animals of group E regained their original hair color, but the 

259 



260 


B. LUSTIG, A. R. GOLDFARB AND B. GEBSTL 


response was slow. An additional group of 9 mice (group F), kept on the de- 
ficient diet for 20 weeks, responded only partly to Rockland’s fodder and oats, 
and some of the animals retained several light graj-’-brown spots for the rest of 
their lives. These observations seem to indicate a lasting damage to the melanin 
producing mechanism resulting from prolonged dietary deficiency. 

It is also worthy of note that the C-57 strain was relatively resistant to the 
pantothenic acid deficient diet. iSIore than half of the mice sunuA^ed for four 
months or longer, while other strains are reported to succumb to the same de- 
ficiency within 8 to 10 weeks (10). 


TABLE 1 


BAY OF 

TRE-ATKD WITH HORMOST-S 

1 COKTROLS 


XcRativc 

SliKht srayinp: 

Marked praying] 

! Negative 

Slight graying 

Marked graying 

A. Male 

26 

10 

1 5 



1 

12 

! 1 

2 ! 

! 

35 

7 


1 

2 

6 1 

6 

47 

4“ 


1 

— 

4“ 1 

5” 

54 

2 


2 

— 

2 

7 

61 



3' 

— 

— 

1<^ 


B. Female 


26 

13 

1 I 


12 


1 — - 

35 

11 

; 2 1 

— 

10 

* 9 

1 M 

— 

47 

10 

2 ! 

2 

9 

3 

— 

54 

10 

2 

2 

9 ' 


1 

61 

V 

3 

2' 

7c i 

1 1<‘ 1 

1 


a-one mouse died on the 46th day. 
b-four mice died on the 46tli day. 
c-one mouse died on the 59th day. 
d-two mice died on the 59th day. 
e-onc mouse died on the 60th day. 
f-one mouse died on the 58th day. 
g-two mice died on the 6Sth day. 

h-one mouse died on the 60th daj^ ' 

Prevention of achromotrichia Avith p-aminobenzoic acid and/or pantothenic 
acid was studied in four groups of C-57 adult mice. Each group consisted of 
8 males and 7 females fed the deficient diet supplemented as folloAA's: 

Group (1): 750 gammas of p-aminobenzoic acid in each milliliter drinking 
water. 

Group (2) ; 100 gammas of calcium pantothenate and 750 gammas of p-amino- 
benzoic acid in each milliliter drinking AA'ater. 

Group (3) : 100 gammas calcium pantothenate in each milliliter drinking Avater. 
Group (4): served as control and was kept on the deficient diet. 

Graying was not prevented by the addition of p-aminobenzoic acid or calcium 
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pantothenate alone or combined. However, the sex differences previously re- 
p6rted^(7) were obsei-ved. For this reason and the fact that Forbes (11) reported 
local pigmentation after subcutaneous implantation of pellets of various estrogens 
in Albino rats but no effect with testosterone dipropionate similarly used, another 
experiment was set up. 

Each of 15 male mice received 1 mgm. of theelin (Lilly) on the first daj'- and 
0.5 mgm. theelin on the 12th and 21st daj’- of the experiment. Fom*teen female 
mice were injected with identical doses of testosterone dipropionate on corre- 
sponding daj'^s. All animals, including 14 males and 12 females that serv^ed 
as controls, were kept on the deficient diet. The results summarized in table 1 
indicate that female sex honnones administered to male mice decrease the rate 
and degree of grajdng. Testosterone dipropionate seemed to have no influence 
on the development of achromotrichia in the female mice. 

SUMMARY 

Evidence is offered indicating involvement of endocrine factors in the achromo- 
trichia that mice of the C-57 strain develop on a \dtamin deficient diet. 

The females are less susceptible to graying than the males. 

P-aminobenzoic acid and pantothenic acid alone or combined do not prevent 
or cure graying in the C-57 strain of mice. Addition of inositol or cystine to 
the diet' is mthout effect. 
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(c) “Alcoholic” exlracts. Extracts -which -were termed “alcoholic extracts” 
M'ere prepared in the following M'ay. The finely divided muscle was extracted 4 
times with 80 per cent ethyl alcohol, after M'hich negligible amounts of solids 
were removed from the tissue. The filtered extract was evaporated to a small 
volume under reduced piessure at low temperature. After suitable dilution, the 
“lipids” were removed bj^ means of a continuous extraction appaiutus, using 
ethyl ether as the solvent. The aqueous portion was then concentrated under 
reduced pressure and the extract volume was adjusted so that 1 ml., of extract 
was equivalent to 7 grams of the original muscle. Only -very .small amounts of 
nitrogenous material could be obtained from this extract by precipitation in 5 
per cent trichloroacetic acid, so that it may be considemd to be practically pro- 
tein free. The extract was also free from “lipid” matei-ial. As shown in the 
tables, considerable amounts of non-protein nitrogenous material and ash were 
pre.sent. 

To determine the organic and inorganic solids of the extracts, the total diy 
weights were first obtained by drpng at 110°. These solids were then ignited in 
a muffle furnace and the weight of the a,sh found. The potassium procedure 
adopted was similar to the chloroplatinate method used by Fenn et al. 

Results. 1. Toxicilies of ihe Muscle Exiracis. In table 2 a compaiison is 
given of the toxicities of extracts made from normal and traumatised muscle. 
The protein solution had no effect on normal mice although it produced some 
deaths in adrenalectomised rats. Its toxicity was slight in relation to the large 
amounts of organic solids administered. Since none of the test animals had 
received injections prior to the experiments, the reactions were not attributed to 
sensitivity to foreign proteins. The .saline and water extracts were only .slightly 
t oxic, due probably to the fact that the solutions were not concentrated, and hence 
the muscle equivalent of the amount injected was low. 

The “alcoholic” extracts which were readily concentrated were more to.xic 
than the above solutions. In adrenalectomi.sed rats an injection of extract con- 
taining .50 to 100 mgm. of organic .solids and 15 to 35 mgm. inorganic .solids was 
rapidly fatal in mo.st of the animals, while in normal mice 107 to 117 mgm. of 
organic .solids and 41 mgm, of inorganic .solids were fatal to most. “Blank” 
extracts using the reagents alone showed that the toxicity was not due to sub- 
stances contained in them. The osmotic pre.ssure of these “alcoholic” extracts 
was determined b}' the depre.ssion of the freezing point, after suitable dilution of 
the solutions. The osmotic pre.ssures of extracts from traumatised and normal 
muscle were found to be equivalent to 1 .80 and 1 .93 M solutions of non-electrolyte 
re.spcctively. It was thought that this high osmotic pre.ssui'e might be the cause 
of the lethal effects. Aqueous solutions of sodium chloride and of urea of ap- 
proximately equivalent osmotic pre.s.sures were therefore injected into test 
animals. The.se solutions were foimd to be non-toxic, .so that the lethal effects 
could not be entirely attributed to the high o.smotic pressures of the solutions, 
Oonerally the “alcoholic” extracts were diluted 3-fold and given in divided doses. 
This method of administration produced .slightly le.ss toxic effects than a .single 
dose of the original solution. 
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It should be emphasized that in tliese experiments no significant difference 
could be obsen’ed between the toxic effects of extracts of traumatised muscle and 
those of normal muscle. 

2, Toxic Substances in the “Alcoholic” Extracts, (a) Histamine. The hista- 
mine content of the alcoliolic extract, determined’ b}' the method of Best and 

TABLE 2 V 

The effects of intrapenloneal injectioiis of extracts from muscle on the sttruival of 
adrenalectomised rats and normal mice at temperatures of 15°C 
and 22° C, respectively 


AXIMAIS 

BODV 

■WEIGHT 

A\’ERAGE 

1 MUSrXE EXTKACTED 

1 

1 

1 

SOEUTIOK INJECTED 

ifATERSALS INJECTED* 

i 

NUM- 
BER OF 
ANI- 
MALS 

NUM- 
BER or 
SUR- 
VIVALS 

Equiva- 
lent of 
muscle 

Organic 

solids 

Inor- 

ganic 

solids 


grams 



grams 

mgm. 

mgm. 




102 

Traumatised 

Muscle protein 

6 

no 

3.4 

7 

5 


100 

Normal 

Muscle protein 

6 

119 

0.9 

7 

5 


! 117 


Saline 




9 

8 


51 

Traumatised 

“Alcoholic” ex- 

4 

50 

15 

5 

1 




tract 

1 





Adrenalecto- 

115- 

Traumatised 

“Alcoholic” ex- 

6 

92 

35 

6 

1 

mised rats 



tract 






1 

5S 

Normal 

“Alcoholic” ex- 

4 

72 

25 

5 

1 




tract 







122 

Normal 

“Alcoholic” e.x- 

6 

101 

35 

6 

1 




tract 



1 




70 


Saline 




5 

5 


120 


Saline 

1 




6 

5 


24 

Traumatised . 

Muscle protein 

5 

H 

3.3 

1 

! 6 

6 


24 

Normal 

Muscle protein 

5 

■Bi 

1.5 

6 

6 


24 

1 

Saline 




6 

6 


25 

Traumatised I 

“Alcoholic” ex- 

7 


41 

24 

9 

Normal mice 


1 

tract 







25 

Normal 

“Alcoholic” ex- 

7 . 


41 

24 

1 




tract 







23 


Saline 




20 

20 


Control animals were given saline instead of solutions prepared from muscle. 

* The figures referring to rats are expressed in grams or milligrams per 100 grams of 
bodj' weight, tlmse referring to mice in grams, or milligrams per animal. 


I\IcHenry, tvas found to be 0.16 to 0.17 mgm. histamine per 100 grams of the 
original tissue from noimal and injured muscle ^espectiveI 3 ^ The dose of hista- 
mine which pi’oved lethal to adrenalectomised rats was about 15 mgm. per 100 
grams body weight. The corresponding dose of “alcoholic” extract per 100 grams 
bod}'- weight was equivalent to the extract obtained from 6 grams of muscle, and 
this amount of extract contained onlj^ 10 micrograms of histamine. It is evident 

^ We are indebted to Dr. E. W. McHenry for the histamine assays. 


























266 


DZE FUH PEN', JAMES CA:MPBELL. AN'D JEANNT3 F. .^rA^■ERV 


that under the conditions of the test, the toxicit 3 r of tliis extract was not due to 
histamine. 

Since guinea pigs are ]■elati^'ely very sensitive to Jiistamine poisoning, tests of 
the toxic effects of the extracts were made in the.se animals. Injections of about 
•3 mgm. of histamine per iOO grams hod 3 ’- weight proved to.xic to 50 per cent of tlie 
guinea pigs. The corresponding dose of “alcoholic” extract was equivalent to 
the extract from 8 grams of muscle, which contained 14 micrograms of histamine. 
Thus, even ^vhen tested on guinea pigs, the histamine of tlie muscle extract had 
no appreciable toxic effect. 


T.ABLE .3 


Survival of normal mice given inlrapcriloncal injections of “alcoholic” ezlracls of normal 
muscle, the ash of the extracts and equivalcril amounts of potassium 
chloride in solution 


BODY WEIGHT 
AVERAGE 

SOLUTIOK IKJECTi:D 

AMOUNT or KCI 
INjrXTED 

i 

NUMBER OF ANIXfALS 
IN CROUP 

NUUBER or 
SURVIVALS 

f^rams 


mgm. 



23 

“Alcoholic” ex- 

39.1 

IS 

2 

22 

tract* 

29.3 

IS i 

o 

21 


19.5 

18 

9 

21 

1 

9.S , 

IS ■ , 

18 

21 


3.9 

IS 

IS 

21 



IS 

IS 

22 

Ash of the “al- , 

39.1 1 

18 ■ 

0 

22 

coholic” ex- 

29.3 

18 1 

1 

21 

tract* 

19.0 

18 

1 

21 


9.8 I 

IS 

17 

22 


3.9 

IS 

IS 

21 . 


0 

IS 

i IS 

1 

22 

Potassium chlo- 

40 

1 

12 

0 

21 

ride 4% solu- 

30 

12 

0 

22 

! tion 

20 

12 

1 

21 


10 

12 

12 

21 


4 

12 

12 

21 


0 

1 

12 

12 


* The potassium concentration was determined by actual analysis. 


(Ij) Choline. Tests on the “alcoholic” extract, according to a .slight modifica- 
tion of the method of .Jacobi, Bauman and jNIeek (1941), failed to reveal the 
presence of significant amounts of free choline. This negative finding is in agree- 
ment with the work of otliens (Guggenheim, 1940). 

Tlie dose of choline chloride Avliich proved fatal to 50 per cent of the adrenalec- 
tomised rats injected was about 70 mgm. per 100 grams body weight. In mice the 
corre.sponding dose was 10 mgm. per 100 giums body weight. The amounts ot 
“alcoholic” extract required to produce these effects corresponded to extract fron^ 
4 grams and 2.8 grams of muscle respectively-. Hence the toxicity- of the ex- 
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tracts was not due to choline. . Further experiments showed that neither the 
creatine nor urea content of the exti-act was j-esponsible for the injurious effects. 

(c) Potassium. Since the toxic material could be dialysed from the “alcoholic” 
extract through collodion membranes, the a.sh of the extract ivas examined for 
toxicity. The extract was dried and ignited in a muffle furnace and the ash 
obtained was then dissolved in dilute hydrochloric acid and the solution adjusted 
to pH 7. This solution Avas toxic. B.y comparing the effects pi-oduced bi" 
graded amounts of the “alcoholic” extract with tho.se of aliquots of the extract 
ash, it Avas demonstrated (table 3) that all the toxicity of the alcoholic extract aa'us 
due to inorganic solids. Potassium A\'as first iiiAmstigatcd as the most likely 
cause of these effects. Tlie ash in the extract from fOO gi'ams of muscle A\'as 
found to contain 293 mgm. of potassium which is equivalent to 560 mgm. of po- 

TABLE 4 


Levels of the potassiviu in the blood plasma of mice following lethal doses of potassium chloride 
solviion, and of “alcoholic'^ extracts of normal muscle 


BODY WF.IOnT 
WIIllAr.K 

n-umbkr of asistals 
IN’ CROUP 

1 

SOLUTION IKJKCrr.l) 

AMOUNT OfKCI ! 
INJECTITD 

PLASMA 

POTASSIUM 




Wi’OT. 

»;?;«. q 

.31 

c 

“Alcoholic” e.x'tmct 

39.1 

75. S 

30 

7 

“Alcoholic” e.vtract 

39.1 

j 91.0 

31 

5 

Potassium chloride so- 
lution 

40 

1 

' 100.5 

1 

29 

5 

'I 

, Potassium chloride so- 
lution 

40 

83.2 

32 

8 

No injection 

0 

35.0 

31 

6 i 

No injection 

0 

31.9 

30 

4 i 

4% NaCI 

0 

40.3 


3 

No injection 


24.3* 


* The potassium content of tlie lieart blood pl.nsinn of normal unanesthetized mice in 
which greater care was taken to avoid bleeding to deatl) tlian in anA' of the other groups. 


' tassium chloride.' The total potassium chloi-ide to be cxjAectcd from 100 grams 
of dog muscle is about 745 mgm., so that the extraction procedure remoA^ed 
approximated 75 per cent of the total potassium. The total a.sh extmeted 
amounted to 780 mgm. per 100 grams of muscle. 

Tlie toxicities of a .series of aqueous solutions of pota.ssium chloride AA'ere then 
tested on adrenalectomised rats, normal mice and guinea pigs. The re.sults (table 
3) .dioAA'cd clearly that pota.ssium A\’as toxic under the conditions of the test and 
that the number of animals Avhich .succumbed dejicnded on the amount of potas- 
sium injected. Tlie results also shoAA'ed that tlie toxicity of the extract a.sh could 
be entireh* accounted for on the basis of the potassium content. There is little 
doubt that the toxicit}’’ of the “alcoholic” extracts of both normal and trauma- 
tised muscle Avas due to the potassium contained in them. 

In ordei' to obtain further justification for this conclusion, the potassium con- 
centrations of the blood plasmas AA'ere determined in adrenalectomi.‘?ed rats. 
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noimal mice and guinea pigs which had received the test injections. The ani- 
mals were stunned and the blood obtained by heart puncture as soon as the first 
signs of poisoning were observed. The results on mice are recorded in table 4. 
The mice were given 1 ml. of extract wliicli was equivalent to 7 grams of nauscle 
and which contained 39.1 mgm. of potas.sium chloride. Similar amounts of the 
salt were injected in 1 ml. of a 4 per cent potassium chloride solution. As the 
table shows, these caused an increase in plasma potassium which is quite incom- 
patible Avith life. Winkler et al. found a concentration of 50-60 mgm. per cent 
to be the lethal concentration for dogs. Attention is draAA'n to the concentration 
of 35 to 40 mgm. per cent found in uninjected mice or those giA'^en saline. This is 
usuallj'^ high for mammalian blood plasma, but it is a suitable control for the other 
groups since the mice Avere all handled in an identical fashion. In the last group 
listed in table 4, greater care A\ns taken in handling the animals as aa^cII as in aAmid- 
ing bleeding to death. It is of interest that this improA-ed procedure caused the 
potassium value to fall to concentrations AA'liich are more reasonable for normal 
mammalian plasma. 

3. Effects on Blood Pressure. The effects of certain of these solutions on the 
arterial blood pressure of the dog AA^erc noted. The solutions Avere given intra- 
A^enously to dogs under ether anesthe.sia and the blood pressure in the carotid 
artery Avas recorded. The “alcoholic” extracts produced a definite fall in blood 
pressure of AA'hich part must have been due to the small amounts of Mstamine 
present. Onl 3 " minor effects A\^ere caused by the protein extracts. The solutions 
containing aliquots of the ash from the “alcoholic” extracts produced relatiA’^ely 
slight or negligible reductions in blood pressure. Solutions containing equh'alent 
amounts of potassium chloride injected at the same rate also produced onl}* slight 
effects. Tins indicates that the lethal effects of tissue extracts are not neces- 
saiil 3 ’- coiTelated AAuth substances causing a fall in blood pressure. The mA’’estiga- 
tions of Green (1943) deal AAith similar aspects of these problems. 

SUMMARY 

It is full3' realized that the relatiA’-e toxicities of the A'-arious components of, 
muscle extracts A^aiy Avideb’- AA'ith different test animals. HoAA-ever if rigid ex- 
perimental conditions are maintained, adrenalectomised rats, noimal mice and 
guinea pigs can be used to test for the toxic effects of A'-arious solutions. 

Certain “alcoholic” extracts of traumatised or normal dog muscles AA'ere found 
to cause death under the conditions of the test. iMuscle protein solutions Avere 
much less toxic. No significant differences betAveen the toxicities of extracts 
from traumatised or normal muscles AA-ere found. 

The toxic factor aars found in the ash of the extract and aars identified as 
potassium. Since man 3 '^ tissues contain a relativeb'^ high concentration of potas- 
sium, the possibilit 3 ’- .should not be overlooked tliat it might produce a toxic effect 
AA'hen tissue extracts are used to produce shock. The effects of these solutions on 
the blood pressure of dogs AA'ere noted. 
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The normal size of the red blood cell and the significance of deviations from the 
normal have received considerable attention in recent years. In consequence, 
physiological factors which influence cell diameter, as well as those inherent in 
the measurement technic emplo 3 ’^ed which affect the values obtained, become of 
definite importance. A variety of methods for measuring cell diameter’ have 
becir used by investigator’s. Among these is the Price-Jones (1) techrric in which 
the pr’ojected images of the red cells in a dry film are measured. Additional 
nrethods which have received rvide acceptance ar’e: the u.se of the ocirlar mi- 
crometer for the determinatiorr of the diameter of red cells in either a dr’\' or a 
moist film; and the measurement of cells in a photomicrograph (2). 

Worker’s disagree as to the effect of the method of preparing the film on red cell 
diameter’ values. Some irrvestigator’s (1 , 3, 4) obtained a decreased value when a 
dry film was itsed, other’s (5, fl) noted an incr’ease, while still other’s (7) observed 
no change. Jprgenson and War’bur’g (6) suggested that the high values secured 
when a dr’y prepar’ation was used r’csultcd fr’om the measurement of diffr-action 
barrds sur’rounding the cells as a part of the diameter’. These bands they reported 
as rrearij^ O.G micr’on wide. 

Arrotfrer approach to the estimation of cell size is that of mearr corprrscular 
■\mlume deter’minations. Sever’al worker’s (8, 9) ha^•e pointed orrt that cell diam- 
eter’ and mean cor’pusctrlar’ vohtme ar’e independent characteristics, while others 
(10) have indicated that cell volume carr be taken as an inde.v of cell size in certain 
for’ms of anemia, but not in others. 

The pirrpose of the present studA-^ was to establish the extent of the differences 
in cell diameter attributable to cer’tain factor’s in the technic of measurement and 
to deter’mine the relationship betAveen the diameter and the A'olume of the r’ed cell 
in normal yorrng Avomen. 

PnoermuKE. To determine the magnitude of the difference in the A’alucs ob- 
tained fr’om measurements made on AA'et and dry films, par’allel series of 50 blood 
films Avere prepared and one diameter of 200 round cells Avas measured on each 
prepar’atiorr using the 4 mm. objcctiA’-e of a Bausch and Lomb micr’oscope and a 
calibrated filar micrometer. For each blood samirlc t.Avo dr’v films AA'crc prcpar’cd 
and 100 cells wer’c measur’cd on each. In an earlier stirdy (1 1 ) in this labor’-ator’}' 

’ -Approved for publication by the Advisory Committee as Paper no. 22 of the Regional 
I’roject of the Xorth Central States relating; to the X'utritional Status of College M omen. 

Paper 2136, Scientific .Tournal Series, Minnesota Agricultural Experiment station, 
St. Paul. 


270 



VAEIATIONS IN RED BLOOD CELL DIAMETER 


271 


it was demonstrated that the mechanics of spreading the drop was ndthout influ- 
ence on the shape of the cell and hence one diameter was considered an adequate 
measure of cell size. Wright’s stain was used in the’ preparation of all dry films. 
An additional series of 33 dry blood films was measured, first using the 4 mm. 
objective and then the oil immersion lens.* Since the tAvo series were carried out 
on different subjects Avith somewhat different mean cell sizes, as shovm by the 
A'alues obtained on the dry films, it AA-'as not possible to make a direct comparison 
of the results obtained. Consequentljq a third series of measurements on eight 
blood samples was made, employing the three technics. 

To establish the relationship betAA'-een cell diameter and mean corpuscular 
A'olume in noimal subjects, parallel measurements AA^ere made on a series of 260 
blood samples from college AAmmen. For the mean corpuscular A’-olume measure- 
ments, the Van Allen hematocrit aars employed using hepaiin as the anticoagu- 
lant, since it had been sIioaati in an earlier studj’- (12) that salts caused some 

TABLE 1 


Com'parison of red cell diameter valves using three methods of measurement (in mierons) 


OTitBER 

MOIST FILM 

4 Mir. OBJECTIVE 

DRY T3I.M 

4 MM. OBJECTIVE 

DRV VllM 

OIL IMMERSIO.V OBJECTIVE 

1 

7.581 

7.664 

7.214 

2 

7.718 

7.873 

' 7.210 

3 

7.527 

7.681 

7.078 

, 4 

7.478 i 

7.886 

7.247 

5 

7.705 

7.885 

7.369 

6 

7.4G4 j 

7.609 

7.004 

/ 

7.553 

7.788 

6.932 

8 

7.378 

7.592 

6,860 

hleaii 

7.550 

7.747 

7.114 


alteration in cell size as compared AAdth the A'-alues obtained AA^hen no anticoagulant 
AA'as used, AA'hereas heparin AA-as AAnthout effect. 

Results and discussion. The measurements in the first series gave a mean 
diameter for the cells in the AA'et films of 7.G2 microns and for the cells in the corre- 
sponding diy films of 7.90 microns, a mean difference of 0.28 micron. The mean 
of the diameter A'-alues on the dry films secured in the second series AA'as 8.14 
microns as compared AA'ith 7.59 microns AA'hen measurements AA'ere made using the 
oil immersion objectiA'e, a mean difference of 0.55 micron. Tliis difference is of 
e.ssentiall.y the same magnitude as that of the diffraction bands as reported bA'- 
Jprgenson and Warburg. 

The results in series 3, giA'-en in table 1, shoAA’ a mean of 7.55 microns for the 
cells in the moist film, of 7.75 microns for the cells in the diy film and of 7.11 
microns for the cells in the diy. film measui’ed AA'ith the oil immersion objecth'e. 
From this it is apparent that the technics of film preparation and of measurement 
are factors of considerable importance, and cognizance of the particular method 
employed is essential in the interpretation of the results obtained. 

- Conversion factor for the 4 mm. objective, 0.2092; for the oil immersion objective, 
0.0939. 
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The coefficient of correlation secured between the red cell diameter and mean 
corpuscular volume values obtained on the 252 blood samples indicated a fairly 
high degree of relationshij^' between these two cell chai-actcristics (r,= 0.4G06, 
P = < 0.0001). As a further test of this relationship, table 2 Avas prepared 
showing the mean cell diametei’ which corresponds to a given range in mean 
corpuscular volume. It is evident that increases in cell volume are paralleled by 
a practically unifoira increment in diameter. The magnitude of the standard 
errors indicates the variation in mean diameter which occurred Arithin a given 
range of mean corpuscular Amlume. 

In an earlier study on college AA-omen (13), a significant increase in mean cell 
diameter AA’as noted AAiien measurements Avere made on the same indiAidual at 
six-month and yearly intervals. To determine Avhether such changes in mean cell 
diameter are associated Avith corresponding changes in mean corpuscular A'olume, 
a series of cell diameter and mean corpuscular Amlume measurements AA-ere made 
on 54 subjects. After an inteival of one year the determinations were repeated. 

TABLE 2 


Distrihulion of mean cell diameter measurements for a given range of mean corpuscular volume 


j 

NUIIBER or CASES j 

WEAK CORPUSCUI.,\R VOIUME 

CELL DIAitETER 

Interval 

Midpoint 

Mean 

Standard Error 


cubic microns 

cubic microns 

viicrons 

microns 

16 

75.0-79.0 

77.5 

7.27 

0.16 

Oi 

80.0-S4.9 

82.5 

7.30 

0.18 

76 

85.0-89.9 

87.5 

7.35 

0.20 

55 

90.0-94.9 

92.5 

7.40 

0.22 

.39 

95.0-99.9 

97.0 

7.51 

0.16 

15 

100.0-104.9 

102.5 

7.00 

0.09 

5 

105.0-109.9 

107.5 

7.60 

0.04 


At the beginning, the mean diameter for the 54 subjects Avas 7.41 microns and the 
mean corpuscular volume, 87.0 cubic microns. One j^ear later the A^alues AA'cre 
7.59 microns and 96.7 cubic microns, respectiA^ely, representing increases of 0.18 , 
micron in diameter and 9.7 cubic microns in Amlume. Both increases Avere found 
to be highl3’^ significant (P ~ < 0.0001). 

To test the relation.ship betAveen cell .size and other blood measurements regu- 
larlA’’ used in clinical diagnosis, coefficients of correlation were computed betAveen 
cell diameter and red cell count, betAA'een diameter and hemoglobin, and between 
mean corpuscular Amlume and hemoglobin on data from 252 Avomen students. 
The results indicate a significant inA'ersc relationship betAA'een cell diameter and 
red cell count (r = —0.2978, P = < 0.0001), from Avhich it is clear that indiAud- 
uals AA'ho have a high cell count tend to haA’e cells of a smaller size. In these data 
on normal subjects, no relationship of statistical significance AA-as obseived be- 
tAA'cen hemoglobin and cell diameter or betAveen hemoglobin and mean corpuscu- 
lar A'olume. 
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SUMMARY 

Diameter values for red lilood cells are highest when measurements are made on 
a diy film with a 4 mm. objectii'e, somewhat lower, on a moist film and lowest 
when measurements are made on a dry film Avith an oil immersion lens. 

A highl}’’ significant relationship exists between the diameter and the volume of 
the normal red blood cell. . 

High red cell counts are associated with cells of relatively small size in normal 
blood samples,' as shown bj’’ a significant negative coefficient of correlation be- 
tween cell count and cell diameter. 

REFERENCES 

(1) Pkice-Joxes, C. Guy’s Hospital Repts. 74: 10, 1924. 

(2) Drverre, H., W. G. Millar and E. Ponder. Quart. J. Exper. Physiol. 16: C9, 

1926-27. 

(3) Emmons, W. F. J. Physiol. 64: 215, 1927. 

(4) Ponder, E. and G. Saslow. Quart. J. Exper. Pliysiol. 19: 319, 1929. 

(5) CoLLATZ, B. Pfliiger’s Arch. 220: 691, 1928. 

(6) JORGENSON, S. AND E. J. Warburg. Acta Med. Scand. 66: 109, 1927. 

(7) Ohno, M. -AND O. Gisevius. Pfhiger’s Arch. 210; 315, 1925. 

(8) ScHALM, L, Folia Hacmatologia 63: 34, 1939-40. . 

(9) Mogensen, E. Studies on the size of red blood cells especially in some anaemias. 

216 pp, Munksgaard, Ejner, Copenhagen, 1938. 

(10) Vaughn, J.M. AND H.M. Goddard. Lancet 226: 513, 1934. 

(11) Lbichsenring, j. M., E. G. Donelson and L. M. Wall. Am. J. Dis. Child. 62; 262, 

1941. 

(12) Lbichsenring, J. M., E. G. Donelson, L. M. Wall and M. A. Ohlson. J. Lab. 'and 

Clin. Med. 26: 35, 1939. 

(13) Donelson, E. G., J. M. Lbichsenring and L. M. Wall. This Journal 128: 382,1940. 



A STUDY OF LEG ANOMALY CAUSED BY CONFINING CHICKENS 

IN SMALL CAGES' 

P. J. SCHAIBLE, B. B. BURMESTER, J. F. SYKES and F. THORP, Jr. 

From the Chemistry and Physiology Sections, Michigan Agricultural Experiment Station and 
the Regional Poultry Research Laboratory, East Lansing, Mich. 

Received for publication January 10, 1943 


Chickens raised individually in small cages for the purpose of investigating 
certain nutritional and disease problems developed leg weakness which cul- 
minated finally in rotation of the leg bones and displacement of the Achilles 
tendon over the condyle (fig. 1). An apparent shrinkage or wasting of the soft 
tissues of the shanks as indicated in figure 2 usuall}’- accompanied the disorder. 
Inasmuch as close confinement of birds is frequently necessaiy in certain types 
of research, it was deemed worthwhile to investigate the cause of this anomaly. 

Chickens, confined as described, developed this sjuidrome if fed practical 
poultry rations that had been used satisfactorily for years. Birds raised in 
batteries or on the floor and fed these same rations did not develop this condition. 
Administration of manganese, dried 3 'east, dried liver, and vitamin D failed to 
restore these birds to normal condition; in fact, in exploratoiy experiments, 
supplements of a-tocopherol, riboflavin, vitamin D, choline, thiamine, calcium 
pantothenate, %dtamin Bo, gelatin, and liver meal added to the ration from the 
beginning of confinement failed to prevent this abnoj-mality. It occurred when 
birds were on vdre floors of large and small mesh. 

Inasmuch as leg disorders have also been attributed to disease, post-mortem 
examinations were always made and tissues taken for histological study. Mi- 
croscopic lesions of lymphomatosis were present to a degree previouslj' unrealized 
in such young birds but this disease was not the causal factor of the abnormality , 
as will be brought out later. Because atrophy of disuse occurs in animals that 
are deprived of normal exercise, it was thought that this might account for the 
wasting of tissue and weakness of the legs. Since histological studies of the 
muscles failed to show changes characteristic of disuse atrophy-, it was decided^ 
to study the fatigability or the capacity of the muscles of birds reared under 


these conditions to do Avork. 

ExPERniEXTAii. Confinement. Chicks in lots I and III were given the free- 
dom of a double section of a Busse 3 ' batterj’- brooder Avhich measured 3 by 6 
feet, proAuding 18 sq. ft. area for their activity. These are termed “Isatteiy 
birds in the folloAving discussion. Those in lots II and IV were closelj’^ confined 
individual!}' in small isolation cages which furnished them a .space 17 by /.5 
inches or 0.9 sq. ft. These are called “cage” birds. The space allorved seemed 
ample for normal activity up to about G Aveeks of age; moA-ement after this time 
became increasing!}’- restricted. On the other hand, the “batter}"” birds AA'ere 
confined to a degree common in practical batter}" brooding. All birds Aveie 


‘ Michigan Agricultural Experiment Station Journal Article no. C76 (n.s.). 
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raised indoors. The ^^'indows ivere open but the birds ivere not direct!}’' irradi- 
ated. 

Rations. Lots I and II received ration A; lots III and I'\^, ration B. Both 
rations, as previously mentioned, were practical poultry starting rations used 
for the flocks at the institutions involved and made up of the usual natural feed 
ingredients. The rations differed only slightly in composition; ration A had 
more calcium and idtamins A and D. WTien fed to chickens either in batteries 
or on the floor, the}’’ gave satisfactoiy results. Water and feed were before 
the birds at all times. 

Source and age of chickens. SLx different pedigreed matings of Single Comb 
White Leghorns contributed one chick to each lot from three hatches, 3 weeks 
apart. Thus, heredity as a possible variant Avas controlled as much as possible. 
Chicks were one day old when placed on experiment. Birds were removed from 
a particular lot for ph 3 ’’siological testing and autops}^ as soon as leg weakness 
appeared and, at the same time, its sib Avas remoA'ed from the control lot. The 
remainder Avere tested at 8, 11 or 14 Aveeks AA’hen the experiment Avas concluded. 



Fig. 1. Chicken raised in a small cage showing a so\mre case of log anomalj' 

Fig. 2. The legs of the “cage” bird at the left show wasting of the tissues, giving an 
“angular” or “square” appearance to the shank. The legs of the “battery” control bird 
on the right are normal. 

Measureynents of faligahiliiy. Each bird AA^as AA’eighed and anesthetised Avith 
approximately 0.35 ml. of Halatol- per kgm. of Aveight gh’^en intravenously. The 
lateral portion of the gastrocnemius muscle AA^as dissected out and the smaller 
or medial portion separated from it. The tendon of the lateral portion AA'as 
freed and attached to a ]5ulle.y by means of a double linen thread. The bird 
AA'as tied on its back to an adjustable platform so that the tibia AA'as maintained 
in a perpendicular position. The distal end of the tibia AA'as firmly held in posi- 
tion b}' flexing the tibial-meta tarsal joint oA'er a bar and clamping it in this 
position. The linen thread AA'as attached to a pulley (16 mm. radius) on a shaft 
using sufficient tension to bring the muscle back to its normal position. The 
direction of pull AA’hen the muscle contracted AA’as kept constant. To the same 
shaft AA'as attached a pen (145 mm. in length) AA’hich AA’rote on glazed paper on a 
kjTnograph and a second pulley (18.5 mm. radius) AA'hich applied a load of 1.5 
times the Aveight of the bird. 

Fine copper AA'ire electrodes attached to the secondary of an inductoiium AA'ere 
^ From Jcnscn-Salsbory, Kansas City, Missouri. 
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inserted in the upper and lower ends of the muscle. The secondary was adjusted 
to the position giving maximum contraction with minimum curi’ent in single 
trials. The stimulus was then applied for 3 minutes with a tetanizing current 
having a frequency of 90 per second interrupted in such a manner that 
0.5 second periods of stimulation alternated with similar periods of quiescence. 
To mark the end of each minute, the stimulus was interrupted for 1 second. 

The area indicating the work performed in the first 30 seconds by the gastroc- 
nemius of the weaker bird of the pair, consisting of the “cage” bird plus its 
battery sib, was measured on the graphs by means of a planimeter and computed 
to gram centimeters per second per kilogram of body weight. The time required 
for the stronger bird to do the same amount of work as the weaker one did in 
30 seconds was found. The rate of work during 2.5 minutes following this period 
of equal work was obtained for both birds. This procedure was adopted because 
it was noted that “cage” birds frequentl}'^ performed work satisfactorily at the 
start but fatigued more rapidly. The time in seconds and the length of con- 
traction of the muscle at the end of the initial periods of equal work were also 
obtained and used as bases for comparing fatigability. 

Autopsies. Following the fatigabilitj’- tests, the birds were killed and examined 
for gro.ss pathological lesions and specimens of gastrocnemius muscle, heart, 
liver, kidne}", gonad, duodenum, pancreas, sciatic nerve, biuchial ple.xus, adrenal 
ganglion and adrenal gland were fixed in formalin and embedded in paraffin. 
Sections were stained vith hemato.x 3 din and eosin for histological studj'. Addi- 
tional muscle tissue was fixed in Zenker’s fluid and stained with Malloiy’s triple 
stain. Nerve tissue was also fixed in ammoniated (1 per cent) absolute alcohol 
and stained with Ransom’s pjTidine-silver technic. 

Results. A summaiy of the results is given in table 1. 

Gross symptoms. The “cage” birds weighed less than those brooded in the 
battery. While no records of feed consumption were kept, the former appeared 
to eat less feed. Whether inactivity or the lack of example of other birds eating 
caused this is not known. 

The legs of the “battery” birds (lots I and III) appeared normal in all respects. 
Those of the “cage” birds (lots II and IV) showed varjdng degrees of wasting 
of the soft tissues, giving them an angular or square appearance (fig. 2). In 
addition, leg deformities as indicated bj^ bowing of the legs or rotation of the 
bones with slippage of the tendon (fig. 1) were observed in 12 of 18 birds of lot 
II, and 11 of 18 in lot IV. 

Muscle solids. Because the shanks of “cage” birds presented a wasted appear- 
ance, it was decided to find out if the.se tis.sues were dehydrated. Since the 
muscle is a sensitive indicator of dehydration, the moisture content of the gas- 
trocnemius was obtained bj' diying to a constant weight at 105°C. “Cage” 
lots had an average of 77.75 per cent water; “batteiy” lots, 77.70 per cent. 
The shank condition, therefore, could not be explained on the basis of general 
deh\'d ration. 

Pathology. Histological examination of the ti.ssue.s showed that 8 of the “cage 
and 13 of the “battery” birds had microscopic lesions characteristic of Ij'mpho- 
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raatosis. Inasmuch as the “batteiy” birds had a higher incidence of this disease, 
yet showed no gross s.ymptoms of tlie leg abnormalitj’’, the latter could not have 
resulted from l 3 miphomatosis. Furthermore, "cage” birds having definite cases 
of the leg disorder were not alwa.ys affected with Ij^mphomatosis. 

Histological studies failed to show reduction in size of the muscle fibers and 
the atrophj’’ or degeneration within the fibers which are characteristic of atrophj’- 
of disuse. Tliere was no degeneration of the nervous tissue. Other tissues 
e.vamined were also normal except for the l 3 mphomatosis described. 

Fatigahilily. As an illustration of the tj^^e of data obtained, the protocol 
on one set of birds follows: Birds X4, YI, Z4, and A5 were hatched from mating 


TABLE 1 

A comparisoji of birds raised in batteries with those raised individually in eages 



EATIOX A 

EATIOX B 


Batterj' 

Cage 

Battery 

Cage 

Number of birds 

15 

: IS 

14 

IS 

Birds with log anomalj’^ symptoms 

0 

i 12 

0 

11 

Birds with microscopic lesions of lymphomatosis.. 

5 

3 

8 

5 

Age in days when tested (av.) 

71 

05 

73 

74 

Weight in grams when tested (av.) 

sso 

750 

960 

930 

Per cent HaO in gastrocnemius muscle (av.) 

77.7 

77.7 

77.7 

77. S 

Average rate of work (gm. cm./kgm. bodywt. dur- 
ing 2.0 min. following period of equal work). . . . 

397 

245* 

400 

265* 

Average rate of rvork (gm. cm./sec./gm. dry gas- 
trocnemius muscle during 2.5 min. following 
period of equal work) 

252 i 

149** 

256 

160** 

Contraction at end of period of equal work as per- 
centage of original contraction (av.) 

49.3 

30.5* 

52.8 

26.9** 

Time in secs, required for the stronger bird of a 
pair to equal work of weaker one in 30 secs. (av.).. 

23.9 

23. 1* 

21.7 

28.7** 

Gastrocnemius muscle (wet) as percentage of body 
wt. fav.l 

0.73 

0.6S* 

' 0.70 

' 0.71 





*• ** Value of f. (Fisher) of the difTerence between battery and cage lots exceeds the 5 and 
1 per cent point of significance, respectively. 


758 and placed in lots 1, 2, 3, and 4 respectivebv. X4 and Y4 were fed ration 
A; Z4 and A5, ration B. At 50 da.vs, A5 showed definite rotation of the legs; 
therefore, it and its control in the battery were removed at this time for testing. 
Xt did not develop definite clinical simiptoms and was not tested Avith its control 
until 87 dax'S, at which time the experiment was teiminated. 

Bird Z4 weighed 667 grams and, therefore, was gix'en a load of 1000 grams to 
lift; Ao weighed 760 grams and was given 1140 grams. 'Ihej' were prepared 
for testing as described and their ability* to perform work is shoivn in figure 3. 
A5 fatigued rapidh*, later recovered .slightbv. On the other hand, Z4 fatigued 
more slowly and A\’as able after a short time to perform a certain amount of work 
continuoush'' for the period studied. 
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The work performed (area) during the first 0.5 minute for Ao was measured 
by the planimeter. By trial, an initial area of equal size was found for Z4 and 
from this the time requii-ed for equal work (abcissa) was obtained. The rate 
of work done in the 2.5 minutes following these periods of equal work was meas- 
ured for both birds. The height to which the load was lifted at the end of the 
preliminary periods of equal work (contractability) was measured in millimeters 
for both birds by cuiwing a celluloid nile along the arc. 

The effect of confining birds to cages is observed from the data in table 1. 
The rate of work after initial peiiods of equal work b\" the gastrocnemius muscles 
of “cage” birds fed both rations was con.siderabh^ less than that of “battery” 
birds. For example, the work per second per “cage” bird averaged onlj- 255 
gm. cm. per kgm. bodj' weight compared with 398 for those raised in the battery. 


Ml 
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Fig. .3. Comparison of the work performed by a “cage” bird (left) with that 

of its sib raised in a battery. 


The length of contraction of the gastrocnemius after doing an amount of work 
equal to that performed in 30 seconds by the Aveaker of the paired chickens 
was 28.7 per cent of the original contraction in the “caged” birds compared 
to 51.1 per cent for those in the battery. 

“Cage” chickens required 28.4 seconds to perform the same amount of initial 
work as was done by the “Ijattcry” birds in 22.8 seconds. 

These difference.? between the “cage” and “batteiy” chickens are statistically 
highly significant. Very close confinement in cages, therefore, caused birds to 
develop a leg-muscle weakness Avhich led finallj’ to definite leg defoiTnities. 

Effect of age. As previously stated, as soon as a bird in a particular lot showed 
clinical SATnptoms, it and its sib in the control lot were removed, tested, and 
autopsied . Consequently, birds were not of the same age in all the lots. In each 
lot, thei-e were also birds of three different hatches, 3 Aveeks apart. Statistical 
analysis of the data shoAvs, hoAA'CA'er, that the age at AA'hich bii’ds Averc tested did 
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not affect significantlj' the aliility to do ivork either betiveen lots on different 
rations or between those confined in cages or in the battery. 

Effect of sex. The number of males in the different lots varied from 8 to 12 
and of females from 6 to 10. In the “batteiy” lots, males did more work per 
sec. than the females (110 gin. cm./sec,/kg. bod 3 ^ weight). This apparent 
variation did not affect the significance of the difference between “cage” and 
“battery” lots.. . 

Effect of ration. The work capacity of lots which were fed the two rations A 
and B wore not significantlj’’ different. This was true whether birds were brooded 
in either batteries or cages. 

, Discussion. The data presented indicate that veiy close confinement in 
cages rather than inadequate nutrition, disease, or otlier management practices 
was responsible for the leg anomaty described. The birds were caged as in- 
dividuals but the condition has been observed pi-eiuouslj’- if one or two birds 
Avere placed in a cage twice the size as the ones used in this stud}". Possiblj" 
lack of competition for feed, therefore, is not such an important factor in the 
problem. 

The data suggest that the use of small cages created a disturbance in 
normal rriuscle phj^siolog}'’’ prior to the development of gross abnormalities. If 
inactiAuty AA'ere the causal factor, then atroply or degeneration should have 
been eiudent. Yet, the lack of au}^ muscle tissue changes does not support a 
diagnosis of disuse atroph}", as described for other species (2). If malnutrition 
or partial inanition AA'ere the indirect re.sult of caging, a reduction in the diameter 
of the muscle fibers Avould have been expected. It has been reported, however, 
that muscle fibers show no decrease in diameter in seA^erelA" malnourished infants 
(1). Aqueous inanition in chickens causes the skeletal muscle to shoAv occasional 
slight hemorrhages, AAitli partial loss of striation (1). The interstitial stroma 
presents a round cell infiltration. In animals deprii'-ed of AA^ater, the musculature 
ma.y lose amounts of AA^ater easily measured bj" chemical analj'sis. None of 
these AA^ere found in the present experiment. 

Birds naturall}’’ infected AAith bmphomatosis usually sIioaa- gross symptoms 
in about 16 to 24 AA^eeks. It AAms, . therefore, surprising to find eAudences of this 
disease in birds as jmcing as 50 days. This finding is of considerable importance 
because man}’' birds are used for research at this ear]}" age, frequentlA" AA'ithout 
post-mortem histological examination being made. 

SUALAIARY 

Chickens isolated in small cages dcA’-eloped leg AA'eakness and, finall.y, leg de- 
formities. In the terminal stages, the leg bones AA'ere deformed and the Achilles 
tendon slipped OA"er the cond3''le. Wasting of the leg tissue usuallA' accompanied 
the disorder. 

Wlien compared A\"ith chickens brooded in a batteiy, the birds raised in small 
cages were infei'ior in the capacity of their gastrocnemius muscles to ]ierform 
AA"ork. There AA'as no eA'idence of dehA'dration of the muscle tissue. 
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Nutrition and other phases of management were not related to the develop- 
ment of the anomaly. 

Lymphomatoris was detected b}"- histological examination to some extent in 
all lots of birds, hence it did not appear to be the causal factor of this anomaly. 
The finding of lesions of lymphomatosis in such young stock was considered of 
particular interest. 

A method Avas developed for measuring the comparative fatigability of the 
gastrocnemius muscle of chickens Avhen stimulated b}’" a tetanizing current. 
Criteria for comparison were the time required to do equal amounts of work, 
the rate of work performed in a definite inten’^al, and the height to which a load 
could be lifted after this initial period of equal work. 

We wish to thank Director Berlej'- Winton and Dr. N. F. Waters of the Kegional 
Poultry Eesearch Laboratory for their aid and for supplying the pedigreed 
chicks used in the investigation; also Dr. W. D. Baten of the Michigan Agricul- 
tural Experiment Station for his helpful advice on statistics involved. 
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The effect on the secretion of pepsin of fractions of the upper intestinal mucosa 
liaving considerable enterogastrone or gastric secretory inhibitory activity con- 
stitutes a problem which has not liitherto been investigated. The existing 
e%ddence indicates that stimulation of endogenous enterogastrone production in 
the animal bod}'', as by the oral administration of fat, is accompanied by in- 
hibition of pepsin secretion (1-8). Inasmuch as fat depresses all moieties of 
"gastric acti^^t3^, i.e., motilit}^, volume of secretion, acid concentration and output, 
and pepsin concentration and output, and, since it has been demonstrated (9, 10) 
that motor inhibition primarily or entirely and volume and acid inhibition at 
least in part are effected by humoral or homional agencies, it might be anticipated 
that the inhibition of pepsin secretion bj’- fat is also accomplished by a humoral 
or hoimonal mechanism. 

The routine assays of enterogastrone preparations in our laboratory have 
shown that such preparations decrease the total output of acid more than the 
volume output of fluid. Tlius the concentration of acid is reduced as well as 
the volume of secretion, resembling in this respect the effect of fat administration. 
Hence it was deemed pertinent to determine whether parenterally injected entero- 
gastrone, like fat, also decreases pepsin secretion. 

This question has definite practical implications, as it has been shov’n that 
an enterogastrone concentrate prevents the development of ulcer in Mann- 
Williamson dogs (11) and that artificial gastric juice (HCl-pepsin solution) is 
more irritating to the intestinal mucosa than dilute HCl having a similar pH 
(12-14). 

It has been reported (15) that the depression of volume output and pepsin con- 
centration produced by fat is dependent upon the integrity of the vagus nerves. 
It has since been demonstrated (10) that the inhibition of volume and acid 
output is at least in part accomplished by a humoral or hormonal agency. In 
order to secure a delineation of the roles of hiunoral and nervous components it 
was necessary to investigate the effect of enterally administered fat and paren- 
terally administered enterogastrone on pepsin secretion in vagal denervated and 
vagal innervated gastric pouches. 

It was further necessary to reexamine the possibility that a reduction in the 
acidity of gastric juice inactivates pepsin. Agents which inhibit the secretion 
of acid w'ere to be used so that an observed decrease in pepsin output might be 
due to inactivation rather than to diminished secretion. In this connection 
one report (16) indicates that pepsin is most stable at pH 5.0, whereas another 
(17) states that pepsin is appreciably inactivated at pH’s greater than 1.3. Al- 
though the reported disagreement may have been due to differences in the pep- 
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sins studied, it was believed probable that the discrejiancy might be caused by 
the technique used. 

Methods. The determination of pepsin. Gastric juice samples were diluted 
with O.OIN HCi and the pepsin content dctei-mined by the metliod of Anson and 
Mirsky (16) using the Klett-Summei-son photo-electi’ic coloi-imcter. The dilu- 
tions used for pilocarpine and histamine stimulated juice were 1:49 (1 part of 
juice and 49 parts of 0.1 N HCI) and 1:24, respectively. The results are ex- 
pressed in (hemoglobin units) X 10^ as defined by Anson (16), 

The question of the inactivation of pepsin at pPI’s up to approximately 0 
was studied by two methods: (A) Samples of canine gastric juice were diluted 
1 to 9 with appropriate acetic acid-sodium acetate buffer solutions to attain a 
series of pH ■^’■allies between 1 and G. The pH of the resulting mi,xture was 
determined by the use of the glass electrode, ddie pepsin content was compared 
with that of a similar dilution udth 0.1 N HCI. (B) Samples of canine gastiic 
juice were diluted 1:24 with 0.1 X (pH 1.02), 0,01 X (pH 2.00), and 0.001 X 
(pH 3.00) HCI and the peptic activity of the diluted juice determined 

Experimental animals and lest procedure. Histamine and pilocarpine were 
emploj’-ed as stimulating agents in the dogs dcsci-ibed below and were injected 
subcutaneously after noting that the secretion from the stomach was at a b.asal 
level as indicated by the absence of fi-ec acid. The dosage of histamine varied 
according to the re.sponse of the individual animals but was always the same for 
an\'' given animal. All dogs i-eceived 3 mgm. of pilocarpine hydrochloride. The 
acid content of the gastric juice was determined by titration and is expre.ssed 
in milligrams of HCI. 

Sericjs I. Seven dogs with vagal denervated pouches of the entire stomach 
and 2 dogs with vagal innervated, large isthmus, greater curvature (Pavlov) 
pouches were used in this stud.y. Two of the former group were also provided 
wdth subcutaneously transplanted pouches. Following stimulation, the gastnc 
juice rvas collected for 90 minutes. After this collection a rest period of 90 
minutes was allowed ; the identical stimulus was then repeated preceded b}’ either 
the instillation of 100 cc. of 50 per cent olive oil emulsion by stomach tube an 
hour before the second injections of the stimulus or the intravenous injection 
of 50 milligrams of enterogastrone concentrate 20 minutes beforehand. In the 
control experiments no inhibitory procedure preceded the second stimulation. 
Gastric juice was again collected for 90 minute.s. 

Series H. Two dogs with Pavlov-t 3 "pc pouches, one dog with greater curva- 
ture, rngal ‘denervated (Heidenhain) pouch and one dog with a pouch of the en- 
tire stomach, served as experimental animals in this series. Pilocarpine was 
emploj'cd as the gastric secretoyy stimulus. One test per animal per da.v.was 
performed. On alternate da 3 ^s lOO cc. of 50 per cent olive oil emulsion was 
administered bj' stomach tube one hour prior to the injection of pilocaipmc. 
Gastric juice w’as collected for 90 minutes after .stimulation. The re.sponses on 
the daj's on wiu'ch olive oil was not administered .served a.s control values. 

Series TIT. A dog with esophagotomy, duodenal fistula, Heidenhain iyP® 
pouch and a pouch of the remainder of the .stomach with intact innervation wa-> 
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employed in these experiments. This animal was prepared by transecting the 
pylorus of a dog which had been provided with a Heidenhain type pouch several 
months previousl3^ A rubber retention catheter was sewn into the duodenal 
opening and the pylorus was brought out through a stab wound to serve as the 
stoma for the inneiwated pouch. Feeding was accomplished by Avay of the 
duodenal tube using the pabulum of Scott and Ivy (18). At a third operation 
an esophagotomy Avas performed to preA^ent contamination of gastric juice by 
saliA'^a. On this animal simultaneous comparatiAm observations could be made 
on a vagal innervated and a non-vagal innervated pouch. The double stimula- 

TABLE 1 


Averaged per cent change of second period vahies from first period values with standard error 

of per cent change 


‘ TYPE 

pouar 

STiitr- 

xus 

INTTIBITORY 
PROCEDURE 
BEFORE SECOND 
PERIOD 

NUit- 
BER OF 
DOGS 

KUM- 
BF.R OP 
TRIADS 

SECRETION DURING SECOND PERIOD AS PER CENT CHANGE 
PROM FIRST PERIOD 

Volume 

Acid 

cone. 

Acid 

output 

Pepsin 

cone. 

Pepsin 

output 



Noue 

t 

12 

+S±4 

'i'8±4 

+14±10 

+136±36 

+149db56 


H 

Olive oiR 

6 

18 

-27±9 

-22±8 

-38±12 

+117±29 

+62±34 


Pt 

None 

7 

12 

+2^8 

+lrfc5 

+5±8 

+59±19 

+65±26 


P 

Olh'e oil 

s 

26 

-29±7 

-19dc7 

— 37dbl0 

+58±20 

+7±17 


P 

Enterog.§ 


12 


-28±7 

1 

00 

H- 

00 

+134±27 

+34±38 


H 

None 

2 

10 

-7±4 

-5db3 

-14±6 


+102±28 


H 

01iA’’e oil 

2 

12 

— 58db9 



+84±29 

-25±17 

■ vated 

P 

None 

2 

10 

-2±3 

-3±3 

-5±4 


+46±24 

P 

Olive oil 

2 

12 

-63±5 

-42±11 

-74±8 

-55±7 

-84±4 


P 

Entei'og. 

2 

10 

-57±9 


-78±9 


+2±16 


* Pouches of the entire stomach with vagi sectioned and subcutaneouslj’’ transplanted 
pouches. 

** Histamine dihydrochloride. 

t Pilocarpine hi’-drochloride. 

i 100 cc. of 50 per cent olive oil emulsion by stomach tube. 

§ 50 mgm. enterogastrone intravenously. 

tion plan of the experiments in Series I Avas foIIoAved except that olive oil Avas 
replaced by egg yollcs and cream administered Aua the duodenal fistula. 

Results. Stability of pepsin at pH vahies less than 5. The gastric juice from 
the total gastric pouch of four dogs Ains studied b}' the technique outlined above 
in AA'hich the pH of the original juice was increased bj’’ the addition of appropiaate 
acetate buffer solutions or AA^eak HCl solutions of various knoAAm normalities. 
The results AA^ere similar to those obtained by Northrop (16) and, therefore, 
need not be presented. The peptic activity of the juice was not reduced until 
a pH more alkaline than 4.8 AA'as reached. 

Series I. The results are shoAAm in table 1., 

A. Total Pouches with Vagi Sectioned and Subcutaneously Transplanted 
Pouches. The results obtained using the subcutaneouslj^ transplanted pouches 
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showed no essential differences from the results on the pouches of the entire 
stomach; therefore the data are presented together. 

(1) Control series {no inhibitory procedure before second stimulation). Volume, 
acid concentration, and acid output sliow a slight tendenc}- to rise during the 
second period vdth histamine stimulation but not with pilocarpine stimulation. 
Pepsin concentration and pepsin output display* a significant increase in the 
second period. 

(2) Inhibition by enterogastrone. The injection of enterogastrone decreased 
the acid and volume output of the secretion. In regard to pepsin, the most 
uniform change was an increase in the concentration of pepsin even above the 
expected (control) rise during the second period. The effect on the total output 
of pepsin, however, was not uniform; in some animals there Avas no change, in 
others an increase or a decrease. 

Inhibition by olive oil in the intestine. It was noted that pilocarpine-stimulated 
gastric secretion is not so uniformly or e.xtensh'ely inhibited by fat as it is by 
enterogastrone preparations in animals Avith a Amgal deneiwated pouch. In 
general, the olive oil acted similarly to enterogastrone except that the pepsin 
concentration did not rise aboA’e the control level. 

B. Pavlov Pouches with Large Isthmus. The control experiments AAith hista- 
mine reA’^ealed a slight tendency for A'olume, acid concentration, and acid output 
to fall during the second period in contrast to the tendency to rise of the vagally 
denervated pouches. Pepsin concentrations and output A'alues in both pilo- 
carpine and histamine control experiments AA'ere similar to those of the Amgally 
denei’A'ated pouches, shoAA’ing a distinct tendencj’^ to rise during the second period. 
Enterogastrone produced a decrease in A'olume and acid output, an increase in 
pepsin concentration aboA'^e the control A'alue, and a rise in pepsin output AA'hicli 
was less than the increase Avhich occurred in the control experiments. . Olive oil 
produced a marked depression of Amlume and acid AAith both histamine and pilo- 
carpine stimulation. Pepsin concentration is not greatly altered by olh'^e oil 
acting against histamine stimulation but is greatly reduced in the case of pilo- 
carpine stimulation. OliA’-e oil decreases pepsin output slight^’^ AA'ith Wstamine 
stimulation and markedly AA'ith pilocaipine stimulation. 

Series II. Tlie results are shoAA'n in table 2. Olive oil produced a decrease 
in volume in all cases and a decrease in acid in all but one dog. Pepsin con- 
centration after oliAm oil AA'as higher in the denervated pouches and loAA'er m 
the innervated pouches. Pepsin output AA'as unaltered in one denervated pouch, 
slightly reduced in the other, and greatly reduced in both innei’A'ated pouches. 

Series III. Fat in the intestine inhibited the Amlume and acid secretion of 
the innei'A'ated pouch markedly and of the denei'A’^ated pouch moderatel5^ PoP" 
.sin concentration is not markedly altered by fat in the denen'-ated pouch but is 
substantially depressed in the innerA'ated pouch. LikcAA-ise pepsin output in the 
denerA’^ated pouch is not significantly altered by fat but is greatlj’ inliibited 
in the innerAmted pouch. 

Discussion. Inactivation of pepsin at pH’s below 5. The report that pepsiu 
is inactiA'atcd at pH’s AA'ell in the acid range is based on experiments in AA'hich 
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adjustment of reaction of the medium was accomplished the addition of 
dilute alkali. Such a procedure results in local exposure of a portion of the pep- 
sin to an alkalinity capable of irreversibly denaturing it before thorough mixing 
can be accomiilished. Our results shoAv that as long as the gastric juice has 
a pH of less than 5 there is no reason to believe that some of the secreted pepsin 
has been inactivated. Furthermore, inasmuch as our results agree vdth those 
of Northi’op (16), it is concluded that the susceptibility of the pepsin in gastric 
juice to inactivation by exposure to various hydrogen ion concentrations is 
essentially the same as that of chemically purified pepsin prepared from gastric 
mucosa. 

Series I. The values for volume and acid tend, during the second period, 
to rise in the deneiwated pouches and fall in the innervated pouches. In gen- 
eral, however, these values are reasonablj'’ comparable for the two periods con- 

TABLE 2 


Averaged responses of vagal innervated and vagal denervated pouches to pilocarpine with and 

without olive oil 


DOG 

TYPi: rouen 

1 

INHIBITORY 1 
PROCEDURE 1 

NUM- 
BER OF i 
TRIALS ; 

VOLUME ! 

FREE 
ACID 1 
CONC. 

TOTAL 

ACID 

CONC. 

TOTAL 

ACID 

OUTPUT 

PEPSIN 

CONC. 

PEPSIN 

OUTPUT 




1 

m 

m^m.lcc. 

mgm./cc. 

ingm. 

ux 

J0*/cc. 

U X iO' 

1 

Entire stomach, 

None 

5 


2.4 

3.3 1 


53 

1898 


vagi sectioned 

Olive oil 

o 


0.9 

1.9 


SO 

1878 

2 

Heidonhain 

None 

i 

5 

11.3 

2.3 

SC-4 

32 

27 

323 



Olive oil 

5 

5.5 

1.4 

1.9 

12 

38 

207 

1 

3 j 

Pavlov 1 

None 

5 

11.6 

1.1 

2.0 

i 23 

69 

818 

i 

1 

1 

Olive oil 

5 


0.7 

1.3 

1 

10 

13 

1 102 

1 

4 

Pavlov 

None 

5 

20.0 

1.3 

2.1 

43 

75 

1514 


y 

Olive oil 

5 

14.8 

2.5 

3.2 

51 

21 

348 


sidering the tendency for variation in response in gastric pouch dogs. Pepsin 
concentration and output displays a significant increase in the second period 
in both innervated and deneiwated pouches. Tliis tendency of pepsin concentra- 
tion to rise on repeated stimulation Arith histamine has been reported by Lim 
and Ma (19) using homly injections for 24 hours and bj’; Bucher (20) using in- 
jections eveiy ten minutes. HoweA'^ei’, both Bucher (17) and Rivers (21) found 
that Avhen only 2 injections of histamine were given one hour apart the pepsin 
response in the two periods Avas almost identical. The reason for this increase 
in pepsin concentration and output A\dth repeated stimulation is obscure. 

It must be borne in mind, in interpreting the data in Series I as presented in 
Table 1, that variations in pepsin concentration and output folloAving an in- 
hibitoiy procedure must be compared A\ath the A’^ariations from the first period 
Avhich occur in the control series. Thus, for example, the increase in pepsin 
concentration AAdth liistamine stimulation in the deneiwated pouch folloAAing 







































286 


GROSSMAN, GREENGARD, WOOELEY AND IVY 


olive oil was not notably different from the increase which occurred during the 
second period when no inhibitory procedure preceded the second stimulation. 
This, then, would represent no alteration in pepsin concentration due to olive 
oil. This applies particularly to the pepsin values where the variations from the 
first period were large in the control experiments. "^Tienever variations in pepsin 
secretion are ascribed to the inhibitor}^ procedure in the following discussion, it 
is this variation from the control value and not the variation from zero which is 
intended. 

On this basis the following obseiwations are presented: a. As we have noted 
before, the depression bj’’ olive oil of acid and volume of secretion is more ex- 
tensive in dogs with part of the stomach remaining in the alimentary circuit 
than in dogs with pouches of the entire stomach. This is probably due to a 
more prolonged and continous expo.sure of the upper intestinal mucosa to the 

TABLE 3 


Response of dog with a vagal innervated and a vagal denervated pouch io pilocarpine siimulalion 

with and without fat in the duodenum 


TRIAL j 
NUM* j 
liER 

1 

PERIOD 
NUM- 
1 BER 

1 

VOLCMK ' 

t 

TREE ACID j 

CONC. 1 

TOTAL ACID 
COST. 1 

TOTAL ACTD 
OUTPCT 

PEPSIN CON'C, 1 

PCTSIN' OUrPUT 

I* 1 

D** ! 

I 

D 

I ; 

1 

I 

! D 

I 

D 

I 

D 

] 

i 



1 ! 

mim.! 

cc. 

cc. 

mgm./ 1 

1 1 

mgm.j 1 
cc, 1 

in^m. 

j rngm. 

U X 
mice. 

VX 

m/cc. 



1 ‘ 

It 

C .8 

1 4.5 

1.8 

2.9 

1 2.4 

3.4 ; 

16 

‘ 15 

122 

58 * 

830 

261 


2 | 

2.9 



! 2.0 

t 

; 0.6 

2.3 ; 

2 

: 9 

54 

61 

157 

264 

2 

1 

8.7 

i 5.0 

: 2.0 

3.0 

; 2.8 ' 

3.6 

24 

i 18 

158 

63 

1375 

315 


‘ 2 

1 ^ 

2 . 0 , 

4.0 

0.4 

1 1.9 

1 

i 0.9 

2.3 

2 

i 9 

52 

70 

135 

1 
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* I, vagal innervated pouch. 

** D, vagal denervated pouch. 

t Control or first period. 

i Second period, after instillation of fat into duodenum. 

fat in the former animals, h. The most remarkable alteration in pepsin secretion 
is a pronounced depression of pepsin concentration and output when pilocarpine 
stimulation is inhibited by olive oil. It is to be noted that significant depre-ssion 
of pepsin concentration occurs in no other experimental procedure used in this 
study. ’i\'hether this depression of pepsin concenti-ation is also to be attributed 
to the factor of prolonged action of the fat in the Pavlov dog (as discussed above) 
or to the integrity of the vagal nerves in these animals was investigated in the 
experiments of Series II and III. c. Endogenous and exogenous enterogastrone 
cause moderate inhibition of pepsin output Avhen vagal influences are excluded. 
d. Parenteral administration of entei’ogastrone increases the concentration but 
decreases the total output of pepsin w'ith pilocarpine stimulation in both vagal 
innen'^ated and vagal denerv^ated pouches. 

Series II. In our experience, in unselected gastric pouch dogs, the variability 
ill volume and acid secretion is greater when comparison is made between one 
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test performed on each of two days than when made between two tests on a 
single day. Three of the dogs were selected for this series on the basis of known 
uniformity of response to pilocarpine as regards volume and acid. Dog 4 dis- 
pla^^s the variabilitA’’ from day to day in acid response characteristic of unselccted 
gastric pouch dogs. Although the number of trials are too small to permit 
statistical analA^sis, inspection of the individual values reveals that the increase 
in average concentration and output of acid in dog 4 is not significant because of 
the great variabilit3^ On the other hand, the A’^alues for pepsin concentration 
and output are quite homogeneous and therefore, differences between means are 
significant. 

In series IT, as in series I, marked depression of pepsin concentration was 
noted onlj’" in the vagal innervated pouches. 

The Pavlov pouch preparation differs from the total pouch in two respects: 
1, a portion of the stomach remains in the alimentary circuit; 2, the pouch re- 
ceives vagal innervation. The Heidenhain pouch dog was used to iin^estigate 
the possibilitj'" that the marked depression of pepsin concentration and output 
noted in the Pavlov pouches in Series I was due to the presence of a portion of 
the stomach in the alimentaiy circuit and not to its vagal innervation. The 
presence of a portion of the stomach in the alimentaiy ch’cuit might conceh’ably 
be responsible for pepsin inhibition by a, providing a more prolonged and con- 
tinuous exposure of the upper intestine to the fat, or l^j’’ &, being the site of forma- 
tion of a hormonal substance inliibiting pepsin secretion. Inasmuch as the re- 
sults on the Pleidenhain pouch were not greatlj^ different from those on the total 
pouch animals, neither of these possibilities is supported, and the differences 
noted must be attributed to the presence of vagal influences in the Pavlov pouch 
animals. 

/Series III. In order to further define the roles of neivous and humoral 
factors, an experimental animal was provided in which the action of fat on pepsin 
secretion could be oliser\'ed simultaneouslj' in two pouches which differed onlj'' 
in that one retained its vagal innervation. The factor of length and extent of 
exposure of the intestine to fat was the same for both pouches, likewise the stim- 
ulus to the two pouches was identical. The findings confirm those of the other 
series of experiments in that marked depression of pepsin concentration and out- 
put occur onl}’’ in the pouch in Avhich vagal influences are operative. 

SU-MiAIARY AND CONCLUSIONS 

The inhibitory effect of enterogastrone on the gastric glands of the dog is 
characterized bj!- the following alterations which are apparent when entero- 
gastrone concentrates are administered parenteraUy and when endogenous en- 
terogastrone production is eheited bj'' the presence of fat in the intestme: Volume 
of secretion and acid concentration are moderately inhibited and, thus, acid 
output is markedlj^ decreased. Pepsin output is moderatelj’’ depressed bj’^ en- 
terogastrone in the absence of vagal influences. These alterations occur vdth 
either histamine or pilocarpine stimulation. 
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Depression of pepsin concentration after fat administration occura only in the 
vagal innervated pouch. 

Vagal nervous influences are extensively concerned in the inhibition by fat 
of pepsin secretion. 
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In many situations in which blood flow through a vessel is imder consideration, 
it is frequentl}’" a matter of practical importance to esthnate the reduction in 
blood flow which will result when the lumen of a blood vessel is partially ob- 
structed or locallj’- reduced bj'' compression. As examples, a vessel lumen may 
be reduced from natural causes b3’' external compression (e.g., extravascular 
muscular contraction, neoplastic masses), intrinsic pathologic changes (sclerotic 
plaques, scars), or artiflciallj'' reduced by vessel clamps (Goldblatt clamps and 
other devices), flow measuring instruments (theimostromuhr, electromagnetic 
flow recorder), etc. Considering the diversified fields in which such information 
might be of practical value, Uttle physiological work has been published which 
deals with the relationship of vessel bore to volume flow. 

Interest in this problem was aroused during the course of recent experimental 
studies in this laboratory on the accuracy of the thermostromuhr method for 
measuring blood flow (1, 2). It was observed that the application of a looselj’’ 
fitting thennostromuhr unit to an arteiy frequent^ caused an appreciable de- 
crease in the flow through the arteiy as measured bj’- a rotameter (3). I^fliile 
it did not seem likely at the time that the lumen was markedly reduced bj’’ appli- 
cation of the thennostromuhr, no vessel diameter or wall thickness measurements 
were made from which values of limien area could later be computed. These 
observations suggested the possibility that a relativelj’- small external constriction 
of an arterj^ could, under physiological conditions, induce an appreciable reduc- 
tion in flow through a vessel. 

The study of vessel constriction and its flow limiting effects involves con- 
sideration of the various factora wliich determine the rate of blood flow through 
a given vessel segment. An expression of the interrelationship of these factors is 
given in Poiseuille’s law wliich states that the rate of flow through small tubes is 
directly proportional to the 4th power of the radius of the lumen and to the 
pressure drop across the two ends and invemely proportional to the viscosity 
of the blood and the length of the tube. Thus, for any vessel segment which, 
is locallj’’ constricted, the accompanjdng reduction in blood flow will become 
greater as 1, the lumen is decreased; 2, the length of the segment constricted is 
increased, and 3, the idscosity of the blood is increased. If, in a given case, 
these factors remain fixed, the rate of flow through the constriction will be 
governed entirelj'- by the pressure difference across the twm ends of the con- 
stricted segment. The factors w^hich determine this pressure difference in an 

^ The expenses of this investigation were defrayed by a grant from the Commonwealth. 
Fund. 
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intact arteiy are 1, the l)lood pressure on the upstream side of tlic constriction; 
2, the resistance to flow through the constricted segment, and 3, the peripheral 
resistance of the arteries and vascular bed distal to the constriction. 

Before proceeding to intact vessels in the animal, experimental dcteiminations 
of flow through various constrictions were fiist made in an artificial system in 
which the above factors could be more easily varied or controlled. The ap- 
paratus used consisted of a reservoir tank (30 cm. in diameter) to the bottom 
of which was connected a rubber ho.se of large diameter (I.D. = 2 cm.). A metal 
tube, 10 mm. in length with a cylindi-ical lumen of 0.5, 1.0, 1.5, 2.0, 2.5 or 3.0 
mm., was inserted into an adapter fitted to the distal end of the hose. A periph- 
eral resistance (PR) was introduced distal to the constricting tube and separated 
from it bj’ a 10 cm. length of large diameter hose (20 mm. J.U.). For the PR 
mechanism, one of a similar set of metal tubes 20 mm. long (I.T). ranging from 
0.5 to 3.0 mm.) was used. Acacia solution with a viscosity approximating that 
of blood (4) (specific viscosity 4. 0-4.5) was allowed to flow by graA’it}' at a con- 
stant hydrostatic pressure, the outflow from the PR tube emerged into a vessel 
of the .same fluid and the overflow was measured with a graduate and stop watch. 

In figure 1 arc plotted percentage reductions in lumen area of the constricting 
t\ibe versus percentage decrease in flow xvhen different peripheral resistances 
were imposed distal to the constricting tube. The internal diameters of the PR 
tubes are indicated beside the I'espective cuiTes. In the high PR range (small 
bore PR tubes), the constricting tubes limit flow very little until Ihe percentage 
decrease in lumen area is very high. When the PR is low (large bore PR tubes), 
the constricting tubes are much more elTcctive in limiting flow. 

1' rom these eximrimental data it is evident that the PR. mechanism at the end 
of the flow circuit (distal constriction) plays an extremely important role in de- 
termining the extent of flow limitation caused by the con.stricting tube (proximal 
con.striction). One would anticipate quite similar variations in flow reduction in 
an in vivo preparation where the PR of a given vascular bed maj' undergo con.sid- 
erablo change through vasodilatation or constriction. Accordingly, experiments 
were extended to anesthetized dogs in Avhich were studied the effects of localized 
arterial constriction upon the flow of blood within an artery. 

For this study, the common carotid artery was chosen because of its accessibil- 
ity and length. Dogs, weighing 18-20 kgm., were anesthetized-, given antico- 
agulants®, and a large rotameter (3) Avith large bore cannulae inserted betAveen the 
cut ends of one common carotid artery. Memr blood pressure Avas recorded bj 
a mercury" manometer connected to the rotameter. For a number of detenmna- 
tions the peripheral resistance of the bed Avas temporarily loAvered, either bA 
nitroglycerine injection (0.00016 gram) into the same artery (xua a side tube on 
the rotameter), or by occluding the artery for 2-3 minutes prior to a detei'mina- 
tion, thereby producing in the latter case an ischemic dilatation AA'ithin the 
corresponding bed. All of the c.xperimcnts AA'ore of .short duration and the condi- 
tion of the dogs AA'as excellent throughout. 

- Sodium pentobarbital, 20 mgm. per kilo. 

" Heparin, 100 U. per kilo and pontamine fast pink, 1.50 mgm. per kilo. 
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For external constriction of the artery, bivalved Lucite blocks, 10 mm. long, 
with centrall.y iilaced cylindrical holes of graduated diameters (0. 5-5,0 mm.) were 
applied to the vessel peripheral to the rotameter, and the mean flow noted before, 
and immediately after placement around the arteiAx The external diameter of 
the arteiy (without constricting block) Avas determined frequentlj' during each 
experiment by encircling the vessel three times with a fine silk thread, t 3 fing the 
knot snug to the artciy, cutting the thread and measuring, while still wet, its 
length (circumference X 3) from which the external diameter was computed. At 



Fig. 1 Fig. 2 


Fig. 1. Graph showing the variations in flow reduction caused bj" fixed constricting tubes 
when diff’erent peripheral resistances were imposed distal to the constricting tube. Fixed 
constricting tube diameters — 2.5, 2.0, 1.5, 1.0, 0.5 mm.; reference constricting tube diame- 

^gj. 3 mm. Opposite each curve is indicated the lumen diameter of the corresponding 

peripheral resistance tube; acacia solution (specific viscosity 4.0-4.5) used as fluid medium. 
Further description in te.xt. 

Fig. 2. Pei'centage reductions in blood flow plotted against percentage decrease in ex- 
ternal diameter (+) and lumen area (• )> of int.act blood vessels in anesthetized dogs. The 
two broken line curves represent the relationsliip of e-xternal diameter (A) and lumen area 
(B) to percentage reduction in flow, as reported bj’' Mann and co-workers. (See te.xt.) 

the end of the expeiiment and without disturbing the arteiy length, a small glass 
rod of measured diameter was inserted into the arterial lumen through a slit made 
in the side of the I’^essel and the circumference X 3 again taken. From the latter 
data, the cross section area of the arterial loall ivas deteimined. The lumen area 
of the vessel within the constricting block (total area minus Avail area) AA'as com- 
puted in the same Avay except that the external diameter and total cross section 
area of the ve.ssel automatical^' becomes the same as the knoAvn internal diameter 
and lumen area of the constricting block. This method for deterinining the size 
of the lumen is based upon the assumption that the vessel is not appreciably 
extruded from the ends of the constricting block during application of the latter. 
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Such would diminisli the cross section area of the arterial wall and thereby in- 
crease relativelj’- the lumen area. However, in actual practice, direct observation 
of the vessel at the point of emergence from the constricting block revealed no 
visible extnision or elongation during application of the constricting blocks.^ 

Of four similar animal experiments, the combined results of two typical ones 
are presented in figure 2 in which are plotted the percentage reductions in flow 
versus percentage reductions in external diameter (-h) and lumen area (•) of 
the artery. Each point indicates the percentage change from the control to the 
mechanically constricted state of the arteiy. In these experiments, the blood 
flow ranged from 140 to 828 cc. per minute under different conditions and mean 
blood pressure remained constant (within 2-3 mm, Hg) during the actual deter- 
minations. 

In contrast to the orderlj’’ sequence of changes in flow observed ivith the 
gravity system (fig. 1), the same relationships recorded in vivo ivith successive 
constrictions were decidedly irregular. Scattering of the points was obseived 
even though the PR of the bed was not intentionally altered. When nitroglycer- 
ine was given or h3'’peremia induced, the points Avere even more irregular with a 
proportionately greater decrease in flow in relation to the percentage constriction. 

Discussion. The relationship of flow, peripheral re.sistance, and applied pres- 
sure to the added resistance of liuninal constriction can be most simply illustrated 
by reference to the somewhat analogous flow of current in an electrical circuit. 

. , voltage (pressure) 

According to Ohm’s laiv, the flow of current i.s deteimined bj' ^ — . . . 


Substituting hemodjmamic equivalents, the rate of floiv of blood through a given 
artery irill be proportional to the applied pressure divided bj’^ the total resistance 
peripheral to that point in the vessel. As a Avorking example, let us say 2 cc./sec. 
AAull floAA^ through an artery AA’hen the applied pressure is 120 mm. Hg and the 


1 90 

peripheral resistance is GO arbitrarj’’ units — then = 2. Assuming that a given 

60 

localized constriction of the artery aauU add 20 units of resistance, then the flow 
Avill decrease by 25 per cent to 1.5 cc./min. = l-s)- If another 

time, the peripheral bed is made to dilate so that its PR becomes 40 units, then 
the control floAV Avill be 3 cc./min. = 3^. The addition of the same local 


* A direct test of the method aa’os made by observing the changes in arterial bore } 
means of a low power microscope fitted with an ocular micrometer. A recently isolate 
artery segment, tied to a cannula with a plane glass window at the end, Avas held in place 
AA'ith its long axis parellel to that of the microscope and inflated with 100 mm. Hg pressure. 
By transilluminating the arterial Avail, the bore of the vessel could be visualized and mens 
ured at a focal plane 1.5 cm. from the end of the artery segment. Constricting blocks aa ere 
applied at this level and the changes in bore observed directlj'. Close agreement betAAcen 
the values obtained by direct observation and those Avhich Avere computed from circum 
ference and wall area measurements permitted the use of the indirect method in the expen 
ments to be presented here. 
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constriction (20 units of resistance) will now decrease the flow by SS per cent to 2 
cc./min. = 2^ In other Avords, the-effectiveness of a given local con- 

striction in reducing the flow aaIII A'-ar 3 ' under different conditions of the peri- 
pheral bed and the flow reduction be large or small depending upon Avhether 
the resistance offered b.A' the constriction is large or small in proportion to the 
total resistance (i.e., constriction resistance + peripheral resistance). 

It is eAudent from the Avide scattering of points in figure 2 that there exists no 
fixed relationship between percentage reduction in floAv and percentage reduction 
in the luminal or external dimensions of a A'-essel m vivo. One Avould not expect 
that the oi’derl.v sequence of changes resulting from the introduction of a single 
variable in an artificial system (as in fig. 1) would be reproduced in the Imng 
animal since, for the same A'cssel, the blood pressure, peripheral resistance and 


TABLE 1 


Relationship of changes prod need in the dimensions of the same vessel by external constriction 
nndcr different assumed vasomotor conditions 


OUTSinn DIAUCTER 

INSIDE DIAMETER 

LUMEN AREA 

A'aluc 

Incremental 
% decrease 

Cumulative 
% decrease 

Value 

Incremental 
% decrease 

Cumulative 
% decrease 

A'alue 

Incremental 
% decrease 

Cumulative 
% decrease 

Vim. 



mm. 



sq.mm. 



5.0 

Initial 

4.35 

Initial 

14.9 

Initial 

4.5 

10 

10 

3.77 

1S.3 

13 

11.1 

25.0 

25 

4.05 

10 

19 

3.22 

14.6 

26 

8.14 

27.0 

45 

3.64 

10 

27 

2.69 

16.6 

38 

5.67 

30.3 

62 

3.28 

10 

34 

2.17 

19.4 

50 

3.69 

35.0 

75 

2.95 

10 

41 

1.63 

24.9 

63 

2.08 

43.6 

86 

2.66 

10 

47 

1.00 

38.6 

77 

0.79 

62.0 

95 


rate of flow will undei'go physiological variations from time to time. These 
factors will also vaiy from animal to animal and among different vessels in the 
same animal. 

Of equal and perhaps greater importance is the fact that the Avail area, external 
diameter, and lumen diameter may be considerablj’’ different from vessel to A'-essel, 
and, in the case of the latter tAVO factors, even for the same vessel under different 
vasomotor conditions. The relationship of changes in external diameter to 
changes in lumen area (and floAv) may therefore be equallj'^ A'-ariable. The magni- 
tude of variation in this relationship is illustrated in table 1 in AA^hich are presented 
the calculated percentage and absolute changes in the dimensions of a single A’-essel 
Avhich Avill result from a 10 per cent reduction in external diameter Avith different 
pre-existing vasomotor states. These data .illustrate (and mathematical con- 
siderations dictate) that as the external vessel diameter progressive^'- diminishes 
(as’ in the case of active vasoconstriction) the same percentage (10 per cent) 
decrease in the existing external diameter aatII cause an increasingly greater per- 
centage decrease in the existing hmien area (cf. italicized figures, table 1). 
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An aclditionial and equally unpredictable factor which may alter the ultimate 
influence of a localized constriction upon blood flow is the response of the peiiph- 
eral bed. When the flow to the bed is reduced by the constriction, the pcnpheral 
vessels may dilate as a result of the associated ischemia and the flow may tend to 
increase, the combined resultant of which will be a new equilibrium. For this 
reason it is probable that the amounts by which blood flow was reduced in the 
foregoing animal experiments are less than those which would be recorded if it 
were possible to prevent the partial compensation (bj’ dilatation) for the ischemia 
of the bed peripheral to the constriction. 

The foregoing considerations reveal that it is impossible to predict within 
rather Avide limits the amount of floAV reduction Avhich will ]-esult Avhen ah intact 
Amssel is constricted by external means. HoAvever, from a physiological stand- 
point, a reduction of the lumen of a A-esscl maj' be of little functional importance 
to the A’^ascular bed supplied by that A’essel Avhen the rate of blood Aoav is already 
low, but on the other hand, the .same constriction may seriously limit the blood 
supply to the same bed just at the time when the requirements of the latter are 
greatest and flow Avould otherwise be much greater. 

Many of the findings, interjiretations and conclusions presented here differ 
from those repoited by Mann, Herrick, Es.sex and l^aldes (5). These investiga- 
toi-s studied the effects of vessel constriction in an artificial system and in vivo, 
and concluded that blood flow through a A'essel is not reduced by a significant 
amount unless the cross section area of the lumen is i-educed by 50-70 per cent. 
Unfortunately, certain differences in the procedures and methods of study make 
it impossible to compare much of their data AA'ith that presented here. As ex- 
amples, 1 , in their experiments with an artificial circulation system, a peiipheral 
resistance was maintained by capillary tubes or a '‘satisfactoiy mechanism.” 
The use of a single, arbitrarily chosen peripheral resistance Avill not rcA'eal the AAide 
range and Amriability of the flow reductions AA'hich can be caused by a giA’cn con- 
striction. (See family of cuiwes, fig. 1.) 2. In their communication, a progressh’e 

external constriction of a A'^essel in the liAung animal is reported to haAm caused the 
lumen to decrease in size as illustrated in the scale draAvings of figure 3A. lA ith 
the use of constricting units 10 mm. long, it is difficult to conceb’e of a mechanism 
by Avhich a, the Avail thickness Avould i-emain the same throughout the \-ariou» 
stages of constriction, and h, the external diameter of their A'essel could be reduced 
57 per cent and 68 per cent Avithout obliteration of the lumen and cessation ot 
floAV. In figure 3B are shown the successhm changes in the dimensions of ihc 
same A^essel AA'hich have been calculated mathematically in accord AA'ith geometiic 
principles. 3. In the same expeiiments, the Aoaa' reductions attributed to the 
application of constricting units cannot be considered maximal since the ther- 
mostromuhr itself (used in the intact A'e.ssel experiments to measure the Agaa m 
the artery) may haA'e already constricted the lumen to such an extent that, 
blood floAv is initially reduced by a significant amount. Its effect AA'Ould be t mt 

. . successful measurement of blood Aoav necessitates the application 
stromuhr] units AA'hich have internal diameters someAvhat less than the external lamc 
of the blood vessels under investigation.” — CSIann, Herrick, Essex and Baldes (5). 
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of introducing an additional resist unco which, accoiding to the findings shown in 
figure I diminishes the flow-reducing ofYect of the experimental constriction, 
i’urther, the tliermostromulir cannot he regarded as an adeciualt* inst niment for 
the measurement of blood flow (1, 2, 0, 7). 

Irrespective of the validity of the methods used, the conclusions of Mann and 
co-workers can apply only to the special cases from which they were derii'cd aiul 
certainly not to all vessels under a variety of conditions. (See curves A and B 
versus plotted ])oints in fig. 2.) 

The most important conclusions to he drawn from the present .dudy arc that: 
tiic reduction in flow caused by external constriction of an int:ict vessel 1, cannot 


Decrease 

( 5157 ,) (687.) 


© © 
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Fi}:. .■>. Tart -.Sailc tinnvitip; <if the cli.nn;;c.s in ttie dimensions of .'in .'irten.- pmtliieed 
hv •■Nternal eonsf rielion, constniete<i from the diitn of .Mann. Tart T — Tlieoreticalty 
expected ehanp-s in the dimensions of tJie .«ame vessel eompnlisi on the basis that there is 
no extrusion of the vi'ssel and <‘onse<iuenf!y the arterial nidi becomes thicker as the ve.nsel 
i- constricted. (* i ••■Tereont elonnaiion or extrusion of the vessel which would be ref(nir<'d 
to maintain w'dl and luminal dimen.'iion.s indicated. Control dimensions: Fixtr-rurd diame- 
trr.'t mm., internal di.ameter-l.a.*) mm. See text for further descrijition. 

In' proflicfcd: 2. tnay vary through wide limits imdi-r difi'crcnt condit ions; .3, may 
or may i!ot cause significant metabolic cmbarra.^smcnl itmncdiatcly to the organ 
it sujtplies, and •!, if not immctliatc, ilic.-amc constriction may still limit flow in 
anatcr projxirtion at a later time when rc(}nircmctus »>f the organ may be in- 
ci'cascd ami flow through the cunstrieted vt'-s^el would othenvise be grctitly 
;utgmcnttHl. 5. It is hazardous to .a.ssunu' th.at a very small external const riction 
v. il! limit flow very little .since ve.s>{<l,s jji funsuspeetml or ntiidcniifit'd) v asomotor 
cimstrietinn may |hiss(vss lumina so small that very slight .additioim! nKa'hanicai 
c-iiist riction could I’au.'C an almost, if not complete, occlusion, b. ,\n examina- 
tio;: of a disc.'iscd \a‘ssci post mortem is of ipteslionabic value in estimating the 
<;cgrcc of flow itHluetioji during life since with a de;id ves-cl. the vas^unotor s-tate. 


£>...cr.aa. Control ^O'/o 40^1> 507. 

Tiamcter 
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vessel dimensions, degree of distention' (by intravascular pi’cssure) and vessel 
constituents (edema, dehydration, etc.) all are usually far removed from their 
physiological ranges which existed during life. 

summary' 

The effect of an external constriction of a blood vessel in limiting blood flow 
lias been considered with respect to the relationships of 1 , vessel bore to volume 
flow, and 2, change in external to change in internal dimensions of the vessel. 
Experiments Avith an artificial system and in animals have led to the conclusions 
that: 

The effect of a localized reduction in lumen area is primaril.y that of increasing 
the fluid friction (viscositj'’ effect) at the site of the constriction, Avhich results in 
an added “peripheral resistance” to the flow of blood and the rate of flow is 
thereby reduced. 

The extent of flow reduction will vary in direct relation to the axial length of 
the constricted area, the velocity of flow and the viscosity of the blood, and in 
inverse relation to the peripheral resistance of the bed and the lumen area of the 
vessel constriction. Since, with an intact blood vessel, it is impossible to deter- 
mine all or even most of the above factors, an estimation of the flow reduction 
caused by a given constriction will be only as accurate as the estimated values 
placed upon the determining factors. Without the obsei'ver’s knowledge,- marked 
changes in the determining factors may occur, thereby making it impossible to 
predict within rather wide limits either the immediate or subsequent effects of a 
known constriction. 

The findings presented here reveal no justification for the contention that a 
rather marked degree of external constriction is required to produce a significant 
reduction in flow through a A'essel. 

In comparison Avith other external constricting dcA'ices, the theiTnostroraulir 
cannot be regarded as haAung any less Amiiable or unpredictable effect in limiting 
the rate of Hoaa' through the vessel to AA-hich it is applied. 

The authors AA'ish to express their appreciation to Dr. T. G. Bidder for assist- 
ance in some of the experiments. 
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ERRATUM 


■ Ou page 19 of the current volume (Vol. 141) figures 1 and 2 for the paper “The Effect of 
Carbon Monoxide on the Oxjdiemoglobin Dissociation Curve” by F. J. W. Roughton and 
R. C. Darling vere inadequately reproduced. Below these figures are again reproduced 
with satisfactory legibility. 



Fig, 1. O.xyhemoglobin dissociation curves of human blood containing var.nng amounts 
of carboxy hemoglobin, calculated from the observed Os-dissociation curve of CO free blood. 



Fig. 2. Observed and calculated oxjdiemoglobin dissociation curves of buffered human 
hemoglobin solutions containing varying amounts of carboxyhemoglobin. 
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The prolonged sur^dval of young animals subjected to acute anoxia has re- 
ceived the attention of a number of workers (1, 2, 3, 4). The widter has pointed 
out that the respiratoiy center of young animals itself is much more resistant 
to anoxia than is that of the adult and that until approximately six weeks of 
age survival of the primitive respirator^’- mechanism (gasping) is inversely pro- 
portional to age (5). Follo-v^ing decapitation, gasping of the isolated head of the 
rat continues for 30 minutes or more in the newborn but for only 10 or 15 seconds 
in the adult. Similar observations have been made on rabbits and dogs (6). 
This increased tolerance of young animals to anoxia is apparently due to several 
factors: a, low metabolic rate of the central nervous system; 5, poikilothermia, 
and c, an anaerobic source of energ 3 ^ 

Himvdch and associates (7) have studied the source of tliis anaerboic energy 
and foimd that insulin reduces and glucose increases the surAuval of yoimg animals 
placed in pure nitrogen. Such findings emphasize the importance of carbohy- 
drate stores in the tolerance of these animals to anoxia. The present studies 
were undertaken to determine whether carboh 5 'drates influence the gasping 
pattern of the isolated unperfused head in which only the stored nutrients of 
the nervous tissue are immediately available. The respiratory center of such a 
preparation, imhke that of the whole animal vdth circulation intact, cannot be 
influenced secondarily bj’- changes in other parts of the bod 3 ^ 

jMethods. Emploj’ing a technique pre^douslj’- described in determining the 
influence of various chemical agents on the surrfval of the primitive respiratory 
mechanism (8), jmung rats, 12 to 15 daj’-s of age and weighing 18 to 26 grams, 
were used as test animals. Since the surAuval time, as well as the total number 
of gasps, is altered by fitter or family characteiistics and by the nutritive con- 
dition and degree of lydration of the animal (9), the experiments were canied 
out on fitter mates subjected to identical cage conditions. 

Tlie gasping pattern for imtreated animals of tliis age group consists of 25' 
to 33 mandibular movements lasting approximateh’- four and one-half minutes 
and is composed of an initial or aerobic series haAdng a relatively constant number 
^ , 297 
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of gasps, averaging about 8, and a second or anaerobic series having a somewhat 
variable number (17-26) averaging about 21. In prehminaiy experiments on 
35 litters comprising 245 animals, the standard deviation of the mean number of 
gasps for imtreated litter mates was found to be slightlj’’ less than 2; the average 
variation for survival was 8.4 per cent and that for number of gasps of the second 
series was 6.1 per cent. 

One hundred fort 3 '--four animals from 18 selected litters were removed from their 
respective mothers 12 to 15 hours prior to the experiment and members of each 
htter were divided b}^ random sampling into 4 general groups, three of which 
■were subjected to procedures intended to alter the supply of immediatelj'- avail- 
able carbohydrates. One group, composed of two to four animals from each 
of the 18 Utters, was injected with 4 or 8 units of insulin' ; another group, composed 
of a similar number of animals from each litter, was given 0.4 cc. of 10 per cent 
glucose; a third group, composed of one animal from each litter, was given 8 
units of insulin, two hours after which 0.4 ec. of 10 per cent glucose was also in- 
jected. Controls were given 0.4 cc. of 0.9 per cent NaCl. Five additional litters, 
comprising 43 animals, received slightly different treatment; the dosage for in- 
sulin and glucose was increased and the interval between injection and decapita- 
tion was more variable. All injections were made subcutaneouslj^. 

After intervals ranging from 30 minutes to 5 hours, the head was quickly 
isolated bj^ guillotine methods and the ensuing gaps were. recorded mechanically 
by means of a Ught heart lever attached to the mandible. Due to the influence . 
of temperature on frequency and duration of gasping (9), the experiments were 
carried out under a constant room temperature of 31°C. 

Results. Results for the 18 litters recemng ■uniform treatment have. been 
summarized in table 1. It is noted that although the extreme values of the 
treated groups show marked variations, the average values are definitely altered 
by the various procedures. 

Controls. Follo'ning the onset of anoxia, the isolated head of control animals 
gasped a total of 29.8 times over a period averaging 319 seconds. The respira- 
toiy pattern for this group consisted of 1, an initial series of 8.5 (7-12) gasps 
lasting 18.6 (16-22) seconds; 2, a pause (interseries interval) lasting 38.7 (34- 
45) seconds, and 3, a second series of 21.3 (18-25) gasps lasting 262 (210-315) 
seconds. 

Inmlin-treated. Sur\’ival of respiratory actmty in the insulin-treated animals 
was variable but definite^ shorter than that of the controls and proportional to 
the severity of insulin action. Although the first series, like the second, was 
ultimately reduced’in number and duration, the number of gasps was actuall}’’ 
increased during moderate^' severe insulin reactions; in some instances this 
amounted to 40 per cent or more. The maximum average increase (4-22.4 
per cent) occun-ed 3 hours after, injection of 8 units; at this time the duration of 
the series was slighth' reduced (—10.6 per cent). Frequencj^ was therefore 

^ The insulin dosage is massive but it is well established that infant animals are highlj 
resistant to the hormone; convulsions are seldom, if e^mr, observed in j'oung rats of t e 
age group employed. 
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increased. Five hours after 8 units the number of gasps u’as reduced ( — 13 
per cent) and the duration further shortened (—28 per cent), 

TABLE 1 


Influence of carbohydrale stores on the gasping pattern of the isolated head of 12-15 day old rats 


EXPHRIMEKTAL GROUP 
AXD PKOCEDUP.E 

j 

KUJIBER 
AKTMALSi 
! OB- ; 
j SERVED i 

NtnnSER GASPS 
IX SERIES I 

DURATIOX 
SERIES I 

DURATION’ 

IKTERSERIES 

INTERVAL 

NUMBER GASPS 
IN SERIES II 

DURATION 
SERIES II 

.•Aver- 

age 

and 

ex- 

tremes 

Change 

1 

Aver- 

age 

and 

e.x- 

tremes 

Change 

Aver- 

age 

and 

ex- 

tremes 

Change 

BfRBM 

Change 

Average 

and 

extremes 

Change 

Controls, 1 hour 
after 0.4 cc. 0.9% 
NaCl 

IS 

S€C, 

S.5 

7-12 

1 

/O 

sec. 

IS. 6 
10-22 

cr 

/c 


% 

sec, 

21.3 

18-25 

Cr 

/C 

sec. 

262 

210-315 

r- 

, c 

Glucose, \ hour 
after 0.4 cc. 10% 
glucose 

11 

i 



19.7 

16-24 

+5.6 

39.8 

34-46 

+2.8 

24.6 

19-32 

+15.5 

293 

212-347 

+11. s 

Glucose, 1 hour 
after 0.4 cc. 10% 
glucose 

IS 

1 

8.7 i 
7-12j 

+2.4 

1 

19.3 

15-24 

+3.5 

1 

+4.9 

28.1 

19-32 

+31.6 

341 

240-418 

+30.2 

Glucose, 2 hours 
after 0.4 cc. 10% 
glucose 

i 

14 1 

8.9 

7-13 

+4.7 

1 

i 

18.8 

16-23 

+1.1 

1 

41.2 

35-46 

+6.5^ 

i 

27.5 

19-35 

+29.1 

332 

252-403 

+26.8 

Glucose, 3 hours 
after 0.4 cc. 10% 
glucose' 

12 

8.9 

7-13 

+4.7i 

20.3 

17-24 

+8.6 

39.6 

34-46 

+2.3 

25.2 

18-36 

1 

+18.3 

1 
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21O-3S0 

+12.6 

Insulin, hour 

after 4 units 

10 

8.7 

6-13 

+1.2 

19.6 

16-24 

+5.1 


-8.8 

18.2 

12-26 

-14.5 

252 

105-345 

-3.8 

Insulin, 3 hours 
after 4 units 

12 

HI 

+14.1 

17.9 

13-22 

-9.1 

28. 7 
22-37 

-25.8 

12.2 

6-20 

-42.6 

m 

-65.5 

Insulin) 3 hours 
after S units 

18 

10.4 

6-16 

+22.4 

16.8 

12-22 

-10.6 

22.6 

16-32 

—41.5 

4.4 

3-12 

-79.2 

21 

11-62 

-92.0 

Insulin, 5 hours 
after 8 units 

13 

7.4 

4-10 

-12.9 

14.2 

9-19 

-27. S 

1 


-48.0 

2.4 

0-7 

-88.6 

15 

0-45 

-94.5 

Insulin + glucose 

3 hours after 

S units 1 hour 
after 0.4 cc. 10% 
glucose 

IS 

8.8 

6-13 

+3.5 

19.3 

14-24 

I 

-2.1 

39.8 

31-45 

+2.8 

19.4 

12-32 

-8.9 

278 

189-392 

+4.2 


Another striking change produced by insulin involved the interseries interval, 
there being an inverse relationship betvreen the interval and the severit 3 ’' of 
insulin action. Five hours after 8 units it was reduced bj^ 48 per cent. 
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Tlie second series was also greatlj'- altered by insulin. ^Vnimals receiving 4 
units and tested after 30 minutes showed only a slight decrease (—14.5 per cent) 
in number of gasps and no significant change in duration; animals tested after 
3 hours showed a reduction of 43 per cent for number and 65 per cent for dura- 
tion. Similar changes were occasionally found for larger doses and shorter 
post-insulin periods. Marked changes hi number and duration were found 5 
hours after 8 units, when values of —89 per cent and —95 per cent, respectively, 
were obtained. Under conditions of severe insulin reaction, most animals 
gasped only two or three times; terminal respirator^' movements were frequently 
apneustic, inspiration being maintained for 10 to 15 seconds or even longer. 

Glucose-treated. The effects of subcutaneous injection of glucose were equally 
striking. Although neither the first series nor the interseries interval was 
markedly affected, the duration and number of gasps of the second series were 
definitely increased. The maximal effect of glucose in tliis regard was observ'^ed 
1 hour after injection, when values approximating -}-30 per cent were found for 
number of gasps and duration. The amplitude or vigor of individual gasps of 
the second series was increased in many instances. Trequencjq however, was 
usually decreased during the middle third of this series, when the rhythm also 
Avas usually hregular. In some instances the number of gasps was increased 
AAithout a concomitant increase in duration and frequency Avas thus increased. 
Double spiked or diphasic gasps usually appeared or became more frequent dxu*- 
ing the middle third of the series. 

Glucose administered to animals injected 2 hour^ preA'iously A\fith 8 units of 
insulin restored respiratory actiAuty to normal or nearly normal A’’alues AAithin 
one hour. This recoA’^er}’’ in actmty was shghtly more noticeable for duration 
of gasping (-{-4 per cent) than for number of gasps (—9 per cent). In some 
instances the Amlues were increased beyond those of the control; this increase, 
hoAvcA'er, was no greater than that observed for glucose alone. 

Discussiox. It is obAuous that immediately aAmilable carbohydrates greatl}’^ 
influence the character and duration of the resphator 3 ’' pattern of yoimg animals 
subjected to acute anoxia. That the respiratoiy center, like other parts of the 
nerAmus system, makes its chief demand for prolonged activity on a carbohydrate 
fuel is also apparent. The results support the contention that the marked 
tolerance of Amimg animals to anoxia is due primarily to an anaerobic source 
of energy. 

The demonstration by HimAAich and co-Avorkers (3) of the surviAml of infant 
rats giA'en sodium CAmnide, which inhibits the cytochrome oxidase sj'^stem, AA'ould 
seem conclusiAm eAudence that anaerobic energy is aA’ailable to young animals. 
The writer (9) has found that in proper dosage cyanide completely suppresses 
the first series of gasps without altering the second, and that acetoacetic acid 
inliibits the second series Avithout altering the first. The latter tissue poison 
influences anaerobic impulse formation to such a degiee that the second series 
may be completelj* blocked, total surAuval thereby being reduced to a short 
aerobic series of 6 to 9 gasps lasting only 15 to 20 seconds. In suppressing the 
anaerobic series, acetoacetic acid giAms a gasping pattern resembling that of the 
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imtreated adult or the young animal subjected to excessive insulin. Such re- 
sults suggest the anaerobic conversion of carboh3’'drates to lactic acid as the source 
of energy for the prolonged respiratoiy acti^dty of the isolated head of the 3'oung 
animal. 

Holmes and Holmes ( 10 ) foimd that the concentration of cerebral lactic acid 
developing under anaerobic -conditions is proportional to the level of blood sugar 
and that the latter is increased as a result of breakdown of brain gh-cogen. That 
insulin administered to normal cats decreases the level of both gh'cogen and free 
sugar in the brain vas shovii b3' Kerr, Hampel and Ghantus ( 11 ). In lowering 
the immediatel3’- available carboh3-drate stores of the central nervous S3'stem, 
hisulin diminishes access to the respiratoiy center of its most important substrate 
for aerobic and anaerobic energy. 

Although the duration of gaspmg of the first series tends to decrease under 
the influence of insulin, the number of gasps may actually increase during mod- 
eratel3’' severe insulin responses; hence, it appears that a small amount of fuql, 
incapable of sustaming an anaerobic series, is capable of supporting an aerobic 
series having a normal or augmented number of gasps. 

It is not eas3’- to explain the mcrease in frequency of gasps of the first and second 
series during mild or moderateh^ severe insulin reactions. It might be pointed 
out, however, that Gellhom and Kessler ( 12 ) have reported increased brain 
potentials during insulin h3q)ogl3’-cemia in adult rats and cats. Nor is it clear 
wh3^ the interseries inter\^al is shortened b3'- insulin. Since the hormone di- 
minishes the substrate involved m the release of anaerobic energ3', the opposite 
effects might be expected. 

In those experiments in which the carboh3’^drate stores of. the brain were 
raised b3’’ injection of glucose, the increase in number and duration of gasps of 
the second series can be attributed to augmentation of this anaerobic source 
of energy. The marked increase in the formation of double gasps cannot, how- 
ever, be adequatel3’' explained, nor can the decreased frequency and rh3dhmicit3'’ 
of the second series. These changes probabl3'^ represent an imbalance between 
the various substrates and enz3Tnes implicated in the release of energ3’- through 
gl3’^col3'^sis, which is Icnown to proceed over an intricate pathwa3'' involving five 
or more stages. High concentrations of glucose in the reticular gra3’' matter 
of the medulla ma3’' alter impulse formation b3'' disturbing the enz 3 me-substrate 
relationship of one or more stages, and in this wa3' dela3' or otherwise modif3^ 
the development of the unstable chemical-nervous state necessaiy for “toppling” 
( 13 ). 


SUMMARY 

Striking changes in the character and duration of the gasping pattern of ^mung 
animals subjected to acute anoxia are produced b3^ procedures wliich alter the 
stores of immediateh^ available carbohydrates. Administration of insulin 
several hours piior to isolation of the head results in a slight to moderate re- 
duction in the dm-ation of the aerobic gasps, a marked reduction in the duration 
of the interval between the first (aerobic) and second (anaerobic) series of gasps, 
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and a profound reduction in the duration and number of gasps of the latter, 
series. The frequency of gasps of both series is increased after moderate amounts 
of insulin. ' Large doses of insulin may almost completely suppress the anaerobic 
series without greatly altering the aerobic. In the more responsive animals, 
the terminal gasps of the second series are apneustic, inspiration being maintained 
for 10 to 15 seconds. 

Injection of glucose produces gasping patterns which are practicall}^ the re- 
verse of those found for insulin. Sundval of re.spiratory acthdt}^ is increased 
by 30 per cent, the number and duration of the gasping movements being 
maximal 1 hour after administration. Glucose tends to dimmish the frequencj’' 
and the rh}i;hmicity of gasping in the middle third of the second series, and to 
produce double gasps. Given to animals under the influence of large doses of 
insulm, glucose restores the ■^’^arious phases of the gasping pattern to normal 
or nearly nonnal values within 60 minutes. 
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Though the gaseous metabolism of pigeons has been frequentb'- measured, 
particularly in connection Avith studies in avitaminosis and pharmacology, prac- 
tically nothing is kno^vn concerning the metabolism of pigeons during prolonged 
fasting. Cun;ent studies of this laboratory are concerned udth effects of hj'po- 
physeal hormones on heat production and on carbolwdrate and fat metabolism 
in normal and hypoph 3 ’-sectomized young pigeons. Pigeons deprived of either 
the anterior pituitaiy, adrenals or pancreas voluntariU' restrict their food-intake 
to about one-fourth of the normal .(U 2). Information concerning the nature of 
the tissue changes and gaseous interchanges in these animals while complete^’' 
fasting is therefore especiall}’’ desirable. Again, both the true value and the 
interpretation of the respiratoiy quotient in fasting birds are unsettled questions 
on wliich the present tests were expected to provide further information. 

Rubner (3) reported that pigeons given no water die of thirst in 4 to 5 daA^s, 
whereas those allowed water and no food live 12 days. Our own tests indicate 
somewhat longer survival. Four of 5 adult pigeons, h 5 Tpophysectomized two 
weeks lief ore the test, survived a fast of 20 daj’-s; one died on the eighteenth day. 
In another test (2) which preceded the present stud}’- all of 20 normal j’-oung of 
the breed used here, and all of 15 j’-oung which had been completel}^ h 3 "poplysec- 
tomized on their first fasting day, survived a lO-da}' fast. In view of these 
results it seemed possible to subject these two t 3 ^pes of birds to a fast of 10 da 3 ^s 
vdthout encountering moribund animals at the termination of the test. 

Material and methods. 'Wliite Carneau pigeons at 7 to 10 weeks after 
hatcliing, free from body hce and pimdousl}’- fed on a mixed grain diet, were used. 
Most birds were ivell jirotected against cold; but among two groups of operated 
birds tested at the end of August there were six deaths after 5 to 9 days of fast- 
ing; these deaths probably resulted from exposure to cold at night. One addi- 
tional operated bird died in April on the eighth da}'- of the fast. All birds were 
permitted to live in groups in rather large well-hghted cages; tap water (and sand) 
was constantly available. Groups of 4 or 8 normals, and other groups of 4 or 8 
hypophysectomized birds, were measured simultaneous!}’ (or with one da}'- of 
over-lap) during a 10-day period. Composite groups of this same type, how- 
ever, were measured at different- seasons of the year. Again, some birds were 
operated before and some after the initiation of their fast in order that possible 
effects of narcosis (nembutal) incident to hypophysectomy might be better 
observed or controlled. The completeness of all operations (anterior lobes only 
were removed) was tested by section and microscopic examination of any suspi- 
cious tissue found in the sella at autopsy.^ 

303 


304 GUINEVERE C. S:\IITH AND OSCAR RIDDLE 

At the termination of their gaseous metabolism tests some further measure- 
ments vere made on certain organs of nearl.y one-lialf of these birds. Yary little 
visilile body fat was oliserved in any bird that survived the 10-day test. Data 
for “total acetone bodies” in the blood, for liver and muscle glycogen, arid for 
percentage liver fat were obtained at the end of the 10-day fast. Similar addi- 
tional data were secured by subjecting comparable groups of birds to shorter 
fasts of only 48 or 120 hours. The methods utilized in this part of the work will 
be described elsewhere by Riddle and Opdjdce in connection with their report 
upon the action of pituitary hormones in young pigeons. 

In an attempt to equalize the nutritive state of the several birds at the begin- 
ning of their fast, and to continue our standard method of preparing these birds 
for heat production measurement 24 hours later, each bird was force-fed enough 
of a grain mixture to provide its crop rvith 15 grams of mixed grain and 15 cc. of 
water. All measurements of the gaseous exchange were made over a period of 
about 6 hours, at night, in two closed-circuit multiple-chamber apparatus (4), 
under all conditions earlier recommended by Benedict and Riddle (5) for obtahir 
ing the basal heat production of pigeons. These conditions included keeping 
the birds for 24 hours before measurement in a large glass cage maintained at 
the same temperature as that at which the bnds were to be measured — in this 
case, at 25° or 30°C. These temperatures were used because it had been learned 
that, for young pigeons of this breed, the zone of thermal neutralitj' apparently 
extends from 25°-30°C. ’ 

Onh»- about one-half of our gaseous metabolism measurements included meas- 
urement of the carbon dioxide, and this fact influenced our choice of method of 
calculating heat production in the present series of tests. In each four-chamber 
apparatus used by us onlj'- the two external chambers (extreme right and left) 
are equipped with the double sets of absorbers required for measurement of 
COo. Thus, though our two similar instniments pennitted the simultaneous 
and independent ‘measurement of the O 2 consumption of 8 birds, we obtained 
COo values from only 4 of these 8. In all ordinary practice, with birds fasted 
24 hours and giving quotients close to 0.72, the (non-protein) quotients obtained 
from one-half the tests maj’' be safely utilized to determine the heat equivalent 
of the oxygen used in all of the tests. Under prolonged fasting, however, it was 
found that the quotients ranged from 0.63 to 0.79, and in tliis case it is evidently 
unsafe to assume that any two or four unmeasured quotients are equivalent to 
two or four that were simultaneously measured. Aloreover, the caloric value 
of oxygen for “protein” quotients (those below 0.70) is not well defined when the 
nitrogen is burned to uric acid instead of to urea. It is desirable to present these 
results, like all of our similar studies on pigeons, in terms of heat production 
rather than as rate of oxj’-gen consumption. For the reasons just noted, how- 
ever, the oxygen actually used has been assumed throughout to have had the 
same caloric value (4.686 per liter) as it has in the combustion of fat (P 1 ..Q. of 0.70). 

It seemed advisable to measure the heat production at both earb’’ and late 
stages of the fast. However, only those hypophysectomized pigeons which ha 
been operated some da 3 ^s before beginning the fast could be tested at the enf 
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of 24 hours of fasting; othennse recent narcosis, fresh ivounds or shock of the 
operation might affect the measurement. . 

Experimental results, liespirafory quotients. Examination of the respira- 
tory quotients obtained at the two temperatures (25° and 30°C.) showed that 
these did not differ significantlju The two groups of quotients are therefore 
considered together, and their distribution is shmm in figure 1. This graph 
makes it evident that quotients significantly lower than 0.70 were obtained from 
the second to the tenth da 3 "s of the fast in both normal and h 3 ’poph 3 'sectomized 
birds. At all stages of fasting in both t3q3es of birds still other liigh quotients 
indicate that sometliing besides the burning of fat is involved. Nevertheless, a 
large proportion of the quotients range from 0.69-0.71 in all brackets, and per- 
haps it is permissible to consider all or most of these as “fat” quotients (0.70) 




IN NORMALS 
103-146 hfS 




.63 .66 .68 ,70 .72 .74 .63 45 .67 .69 .71 .73 .76 .79 .65 .67 49 .71 .73 .76 .79 



48-82(175. 


)N HYPOPHVSECTOMIZED 
I03-I48hrs 



l74-200hrs 



216-244 hrs 



Fig. 1. The value and distribution of respiratorj’- quotients obtained from pigeons 
fasted during 1 to 10 days. 


in which the caloric value of ox 3 ’’gen is 4.686. Again, the data of the graph 
suggest that the uniform use of a caloric value of 4.686 calories for the ox 3 ^gen 
actual^ consumed, irrespective of the observed quotients, does not introduce 
an 3 ’- error which Avould affect unequal^'' the values obtained for the normal and 
the operated birds. 

Some infoimation concerning the course of the respiratoiy quotients in indi- 
vidual birds should be recorded. In a few bu'ds three quotients were obtained, 
but for most birds this number was onb^ two. The normal bird winch gave the 
maximum quotient (0.87) at 24 hours, also gave a quotient of 0.73 at 196 hours 
of fasting. Another normal bird gave quotients of 0.70 at 148 hours, 0.67 and 
0.67 at 196 and 244 hours. Still another gave 0.74 at 76 and 0.78 at 196 hours. 
FinaU 3 ’-, a normal bird Avhich gave a quotient of 0.72 at 24 hours, gave a value 
of 0.63 at 124 hours and 0.69 at 244 hours. H 3 q)ophysectomized birds behaved 
similar^’'. An operated bird that gave a quotient of 0.72 at 148 hours gave 
another of 0.73 at 244 hours. Another that gave a value of 0.68 at 74 hours gave 
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6.64; at 194 hours. Again, a value of 0.65 at 74 hours vas followed by 0.74 at 
194 hours. The operated bird vdiich gave the extreme!}'’ liigh quotient (0,80) 
at 24 hours, thereafter gave 0.68 at 76 hours, 0.70 at 148 hours, and 0.72 at 196 
hours. These data provide some e’vddence that certain bh-ds in both noimal 
and operated groups Avere sIoav in reaching a “fat” quotient, and that perhaps 
some of them never attained a quotient loAA'er than 0.70 during their 10-day fa-st. 
The knoAA-n loss of body AA’eight b}’’ these birds nevertheless Avould seem to make 
it certain that all of them metabolized considerable quantities of their own 
tissue protein. 

Stores of carhohydratc and fat. The data of table 1 proA'ide some infonnation 
concerning changes in the carboltydrate and fat stores in the tAA'o tj’pes of pigeons 
during their 10-day fast. These data also indicate that one source of respiratory 
quotients loAA'er than 0.70 is to be found in the acetonemia AA'hich deA'^eloped in 
these animals. At the end of a 24-hour fast the h5’’pophysectomized pigeon has 
a much larger store of liA'er gl3'’cogen than the nonnal pigeon this difference 
completel}* disappears, hoAA'eA'’er, dining the second day of the fast. Though 
the percentage of liA’er fat AA’as increased in the fasted birds the “total” liA’^er fat 
AA'as probably not significantly changed, since lii^ers of birds fasted for 10 days 
decreased in size (to about 7.0 grams) by 35 to 45 per cent. ISTot tabulated, but 
notable, are results of tests on blood sugar during lO-da}’ fasts. In 5 normal 
birds the average total reducing substances increased from 190 mgm. (second 
day) to 210 mgm. on the tenth da}’’; in 7 operated birds, injected daily AAuth 10 
mgm. of alkaline extract of beef muscle, reducing substances Avere loAA*est at 4 
days (178 mgm.) but the same (189 mgm.) at 9 days as at 2 days after operation 
and beginning of fasting. 

Heat 'production. The heat production (calculated from oxygen consumption) 
and its change during prolonged fasting are indicated in table 2. From the end 
of the first to the tenth day of the fast the aAmrage decrease in rate of heat pro- 
duction in nonnal pigeons AA'as 28.3 per cent for 4 groups (studied at 30°) and 
28.9 per cent for 3 other groups (studied at 25°C.). In the 7 groups of normal 
birds this decrease A'aried only from 25.4 to 30.7 per cent; the 0A’’er-all aA’’erage of 
28.5 per cent may be regarded therefore as an appro.ximately correct measure 
of the decrease from the basal value caused by nine days of true fasting. The 
aA'erage heat production of the normal birds studied at 25°C. AA'as loAA’er than 
that of such birds studied at 30°C. by 3.3 per cent at 24 hours and by 3.6 per 
cent at 244 hours of fasting. The constancy of this difference provides cA'idence 
that prolonged fasting did not lead to a shift in the zone of thermal neutrality. 

When effects of the enA'ironmental temperature are considered it is found 
that .slightly loAver rates of heat production, in both normal and hypophysec- 
tomized birds, AA-ere obtained at 25° than at 30°C. Tlie average heat production 
of operated birds at 244 hours was higher than that of normal bhds by 9.9 per 
cent Avhen measured at 30°C. and by 6.2 per cent AA'hen measured at 25°C. This 
essentially equiA'alent result at the tAA'o temperatures, together AA'ith similar 
obseivations on normal birds noted aboAm, proA'ides some cA'idence that neithei 
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prolonged fasting nor hypopEysectoniy jDrocliices a shift in the zone of themial 
neutrality in pigeons. 

The heat production is expressed in the table in terms of -weight. Certain 
data concerning actual bod}’- -weights, and changes in body weight during the 
fast, are recorded here. Since body -weights obtained at the end of a 24-hour 
fast are more accurate, and since this also was the time of the first measurement 
of heat production, it ma}’- be noted that the 27 normal birds tested at 30°C. 
then had an average body weight of 451.5 grams; 9 days later their average weight 
was 358.5 grams. The body weight of the operated birds studied at 30°C. was 
too variable to express as an average (or to be really informative) at either the 
beginning or the end of their 24-hour fast, because some of them were operated 

TABLE 1 


Data for acetonemia, glycogen and liver fat in long-term fasts of young Carneau pigeons 

(data of Riddle and Opdyhc) 



KUMDER 

or notjRS 

FASTED 

IfmtBER OF 
BIRDS 

BLOOD 

“acetone” 

GLVeOGEN 

LIVER FAT 

Liver 

Muscle 




per cent j 

per cent | 

per cent 

per cent 

Normal 

24 

23 

1.7 

0.55 j 

1.30* 


1 

1 

4S 

5 

5.2 

0.34 




120 , 

5 

15.5 





240 1 

10 


0.36 

1.08 



254 

S 

13.9 

0.27t 

0.85 


Hypophysectomized 

24 

11 

4.3t 

2.62 

1.00* 

3.41 


48 

5 


0.36 


4.90 


216 

7 


0.08 

0.83 



254 

8 

12.6 

0.16§ 

0.94* 

i 6.82 


* Only 5 birds measured, 
t Value obtained from 12 birds, 
t Only 4 birds measured. 

§ Value obtained from 16 birds. 

on that or the following da}'- while others had already lost much weight as a 
result of pituitary removal 2 and 10 days previously. At the end of their fast, 
however, the average weight of the 23 operated birds was 359 grams. The 12 
normal pigeons which were measured to the tenth day at 25°C. had an average 
body Aveight of 439 grams at the end of the first day and a terminal weight of 
345 grams. The 12 operated birds likewise measured at 25°C. to the tenth day 
then had an average body v*eight of 361 grams. 

During the last nine days of their fast 39 normal birds shoived an average 
loss of 20.3 per cent of their body weight (as mea.sured at the end of a 24-lu-. fast), 
and in 10 days they lost 27 per cent of their pre-fasting v'eight. Benedict’s 
(6) fasting man (.subject L.) lost 19 per cent in 31 days. From the end of the 
third day (weight 425 grams) to the end of the tenth day (Aveight 356 grams) 35 
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TABLE 2 


Effect of fasting and of fasting combined with hypopliyscctomy on the respiratory 
metabolism {Cal. /kilo /hour) of yoking Carncau pigeons 


NORJIAL OR HYPOPHYSECTOillZED PIGEON'S 

XCitBER 

1 CALORIES AT VARIOUS HOURS OF FASTIKG 

24 1 

48-82 

103-148 

174-200 

216-244 

At 30°C, 


Normal 

8 

4.21* 

3.65 

3.38 

3.13 

3.04 

Hypophysectomizedf 

s 


3.42 

3.24 

3.30 

3.29 

Normal 

4 

4.28 

3.60 

3.15 

3.25 

3.04 

Ilypophj'sectomized 

1 

2.93f 

2.91- 

3.29 

3.24 

3.24 

Normal 

3 

4.47* 

4.58 


3.18 

3.13 

Hypophysectomized§ 

3 


3.69 


2.84 

2.74 

Normal 

8 

4.61 

3.78 

3.60 

3.45 

3.37 

Hypophysectomizedt 

/ 


3.75 

3.54 

3.69 

3.72 

Normal 

4 

4.24 


3.44 

3.10 

2.94 

Hypophj'sectomizedV 

4 



3.71 

3.77 

3.86 

Avg. Normals 

27 

4.37* 

3.81 

3.43 

3.28 

3.13 

Avg. Hypet 

23 


3.55 

3.44 

3.44 

' 3.44 

At 25'’C. 

Normal 

4 

4.23 

3.92 

3.28 

3.08 

3.16 

Hj'pophj’sectomized 

2 

3.28** 

3.29 

3.30 

2.95 


Normal 

4 

4.15* 

3.40 

3.39 

3.50 


Hj^pophj'sectomized 

2 


3.59 

3.25 

3.65 

3.23 

Hj^pophj'sectomized 

2 

3.53tt 



3.45 

3.15 

Normal 

s 

4.26* 

3.61 

3.25 

3.09 

2.95 

Hj’poph 3 'sectomizedt 

8 


3.58 

3.45 

3.37 

3.22 

Avg. Normals 

IG 

4.23* 

3.63 

3.29 

3.19 

3.02 

Avg. H3’^pct .... 

14 


3.53 

3.39 

3.35 

3.21 






* Value is not for the birds which were fasted for 10 days, but the average for all birds 


(20-94 birds per group) of this type measured at the same season and temperature, 
t Fasting started 1 day before operation, 
t Fasting started 9 days after operation. 

§ Fasting started on day of operation. 

r Fasting started 2 days before operation. Before operation the 24-hour fasting me- 
tabolism was 4.08 cals./kilo/hour. 

** Fasting started 8 da 3 's after operation. 

ti At 33 hours after hj'pophj'sectomy and beginning of fast. 

normal birds lost 16.2 per cent of body weight; vathin the same interval the 
average bodt^ weight of 30 operated birds, all of which had been operated at least 
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one cla\' earlier, lost 14.8 per cent of their body weight (from 420 grams to 356 
granis). - 

Discussion. Benedict and Lee (7) measured the nitrogen e.xcretion of three 
adult geese (4 kgm. bodj^ weight) during a long-term fast and made a monographic 
study of heat production in geese,. At 20 to 22 daj’-s of fasting protein supplied 
onl3r 4 to 7 per cent of the total calories produced. Fisher (8) found that 42 to 
50 per cent of the nitrogen ingested by homer pigeons is excreted as uric acid. 
Heniy, Magee and Reid (9) fasted fowls for peiiods up to 7 days and observed 
increases in the blood sugar at 72 and 96 hours and questionably higher per- 
centages of liver glycogen at these same periods; blood uric acid was fairl}'^ con- 
stant up to 96 hours and thereafter rose steadhj’- to the end of the fast. Ketone 
bodies were never found in the urine of these fowls. The respirator^’- quotient 
fell to 0.695 at 22 hours and to 0.665 at 35 hours, but was 0.69 at 45 and 49 hours; 
for the remainder of the fast it was never higher than 0;68 except at 157 hours 
when it was 0.69. These authors also demonstrated that when their fasting hens 
metabolized extraneous protein (egg-white, casern, fish meal) quotients greater 
than 0.697 were never obtained. Thej’- further supplied a useful calculation 
showing that when alanine is burned to Urea it gives a quotient of 0.833, but when 
burned to uric acid a quotient of 0.667. This studj^ was not concerned with 
the effect of fasting on changes in heat production. 

Barott and otheia (10) made accurate measurements of heat production and 
gaseous exchange in fasting jmung fowl, but their studies extended onK to the 
end of the tliird day. The respiratory quotients (basal) obtained during the 
second half of this period averaged 0.719 ± 0.004. These authors maintain 
that the thermal quotients simultaneous!}’- obtained by them indicate that, 
even at this very early stage of fasting in fowl, foodstuffs were being burned 
at a ratio of 5 per cent carbohj^drate, 10 per cent fat and 85 per cent protein. 
This, however, is not in good accord vith other data (9, 11) on the course of 
nitrogen excretion in fasting fowl. Barott estimated the respiratory quotient 
of protein in birds at 0.705, and the thermal quotient of ox^’gen at 3.018 (3.279 
for fat), but in \dew of various imcertamties these values have not been utilized 
in the present study. 

From their stud}’- on fasting geese Benedict and Lee (7) concluded that fasting 
quotients de-viating significantly from 0.70 would not be found in careful meas- 
urements on geese; and in the many experiments in wliich they measured only the 
carbon dio.xide, the heat production was calculated on the two assumptions that 
the respiratory quotients were 0.70 and that they represent a combustion of fat. 
In the present study the heat production values have been calculated on this 
same assumption, but in the case of the pigeon we would clearly state our opinion 
that — excepting values obtained at 24 hours — this procedure is not justified by fact, 
but only by necessity. For later stages of fasting Ave do not know the extent to 
which protein A\'as burned, nor its oxygen equivalent when it was burned. 
Though the degree of ketonemia observed in these tests on pigeons ivould tend 
slightly to reduce the respiratory quotients below 0.70, Avholly similar Ioav quo- 
tients Avere obseri^ed in foAAds (9) in AA’hich ketonuria aa’hs not present. 
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The very low quotients obtained from fowl embryos on and near the ninth 
daj’- of incubation, and its probable explanation in terms of protein combustion, 
deserve mention. Barott (12) got onlj’- quotients of 0.59 or O.GO from 9-day 
embryos, and after the eleventh day his values ranged from 0.64 to 0.69. 
Though Barott suggested that these low values can be explained by assuming a 
transformation of fat or protein to sugar, it seems more probable that protein 
combustion was at least partly involved. Needham (13) liad earlier found that 
“the intensity of production of urea, and of uric acid, and the intensity of com- 
bustion of protein ha%’'e all been shown to be greatest from the seventh to the 
eleventh day of (chick) development.’’ We believe that the 52 respirator}'- 
quotients i-anging from 0.63-0.68 obtained in the present series of fasting pigeons, 
together vnth the important results from adult fowls bj^ Hemy, IMagee and 
'Reid (9) and from fowl embryos by Needham and by Barott, indicate that 
birds tend to produce quotients of tliis order during the combustion of their own 
or other protein. 

During the last half of their fast it was observed that the hypoplysectomized 
birds consumed more oxygen and lost .slightly less of their body weight than 
did the nonnal birds. Some pertinent obseiwations suggest tliat this result can 
be attributed neither to edema nor to increased body temperature in the operated 
birds. A more probable explanation is that, through secondary atrophy of the 
th\Toid gland, hjqiophj'-sectomy decreases the endogenous protein catabolism of 
the operated animals (15) ; tliis would involve a more complete utilization of the 
fat reserves of the operated birds and would enable them to produce more heat 
from a smaller amount of their ovm tissue. 

The gradual decline of heat production obseiwcd in normal pigeons in these 
tests is in no waj' unusual, but it is surprising to find that hjqiophj'sectomy 
minimizes the ability of fasting to reduce the rate of oxygen consumption. Hypo- 
physectomy alone, like fasting alone, is generalh* regarded as a powerful depres- 
sant of metabolic rate. x\t 10 to 20 days after pituitary removal (during wliich 
the voluntaiy food intake was much reduced) the heat production of adult 
pigeons was observed (14) to decrease by 33 per cent. In the present tests 
fasting alone was observed to reduce the post-absoiptive heat production of 
normal young pigeons b}’- 28.5 per cent; and, assuming that prior to their opera- 
tion the operated birds had the same heat production as the normals, calcula- 
tions show that fasting combined vrith h}poph 3 ’-sectom 5 '- resulted in an average 
reduction of only 22.3 per cent. 

.SUMALVRY 

Repeated measurements of the respiratory exchange were made under basal 
conditions, at both 25° and 30°C., on 43 normal and 37 hypophysectomized 
young Carneau pigeons subjected to a 10-day fast. Neither prolonged fasting 
nor hypophysectomy caused any apparent shift of the zone of thermal neutraht}'. 

Fasting was accompanied by a moderate acetonemia, by a slight reduction of 
both liver and muscle glj'^cogen below the 24-hour fasting level, by little or no 
change in the total store of liver fat, and probably b}'- no decrease in total reducing 
.substances in the blood. 
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Respiratory quotients of 0.63 to 0.68 .were frequently obtained from both ’ 
types of birds that had fasted for 48 or more hours; a few quotients of 0.74 to 
0.79 were obtained to the end of the fast. The many low quotients obtained in 
these tests on pigeons, together with available information from earlier studies 
on fowls, support the view that birds tend to produce quotients lower than 0.69 
from combustion of their ovm protein. 

The caloric value of oxj’-gen utihzed in the burning of protein b 3 ’- birds has 
not been determined with acceptable accu^ac 3 ^ On the assumption that the 
oxygen used had a value of 4.686 calories per liter, irrespective of the respiratory 
quotients obtained, the heat production of 39 normal pigeons was reduced from 
a 24-hour fasting value of 4.33 to 3.10 calories per kilo per hour; tliis is a reduction 
of 28.6 per cent of the basal value by nine additional days of fasting. Hypo- 
pltysectomized fasting pigeons showed a comparable decrease of onl3''22.3 
per cent. 
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Theoreticallj'^ the acid-humoral mechanism of stimulation proposed for the 
central nervous system (Gesell, Brassfield and Hamilton, 1941, 1942; Gesell, 
Brassfield and Hansen, 1942) should hold for all cholinergic systems wherever 
they exist. These expeiiments repre.sent an enquii^’- into the probability of such 
extension. 

According to the acid-humoral concept, acetylcholine functions as the excita- 
tory intermediary, whereas acid acts as a physiological anti-cholinesterase modi- 
fying the rate of destruction of the excitator 3 >' agent. As an integral part of this 
mechanism, intensity and duration of stimulation (i.e., strength and duration of 
electro-tonic flow, Gesell, 1940) are believed to depend upon two factors; 1, 
the sum total of acetylcholine released at activated nerve terminals, and 2, the 
rate of destruction of this acet 5 'lcholine. A weak and fleeting cm’rent might 
produce but a single discharge of a nenm cell, or a single tndtch of a muscle fiber; 
a stronger and more prolonged ciuTent would produce a multiple response. , Ih 
fact the prolongation of reflexogenic “after-discharge” (i.e., after-h 3 ’’perpnea 
resulting from faradic stimulation of Heiing’s neiwe) obseiwed during artificial 
hj'^percapnia, combined Avith the well-known anti-cholinesterase actmty of acids, 
was the evidence upon Avhich the acid-humoral concept originated (Gesell, 
Brassfield and Hamilton, 1941, 1942). But inasmuch as the central nenmus 
sj'stem was not acknowledged as a cholinergic sj’^stem (expeiiments on respiration 
offered little support) the validity of the acid-humoral concept rested on a most 
critical issue — the existence of humoral inteimediation in nervre centers. 

It was reasoned, in enquiring into this question, that if acid metabolites func- 
tion collectiveh'^ as an endogenous and physiological anti-cholinesterase, a foreign 
and exogenous anti-cholinesterase might produce changes in breathing com- 
parable to those produced by hypercapnia. Approximate duplication of h}’^- 
percapnic hj'^perpnea and potentiation and prolongation of respiratoiy reflexes 
by appropriate administration of eserine and of exogenous acetylcholine (Gesell, 
Hansen and Worzniak, 1943; Gesell and Hansen, 1943) have supported this 
hA'pothesis and therebj'^ unified our findings into a more complete and consistent 
argument for humoral and acid-humoral intermediation in nenmus centers. 

For the purpose of enquiring into the general biological significance of the 
anti -cholinesterase activitj'^ of endogenous acids several cholinei’gic systems are 
under .study (Brassfield and Gesell, 1942). Special advantages offered by the 
heart as compared Artth the central neiwous sA'stem are the simplicity of its 
stracture and function, 'the detailed knowledge of its inneiwation, and the un- 

’ Preliminar 3 ' reports, Federation Proceedings, 1943, 1, 10 and 29 and 68. 
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conditional inclusion of its parasympathetic innen\ation among the cholinergic 
systems. 

Methods. Our e.xperiments are based on tliose of Loewi (1921) in which the 
perfusate of a vagally inhibited heart of the frog Avas found to transfer humoral 
inhibition upon a second and completeh' isolated heart by virtue of the acetyl- 
choline liberated during the period of vagal stimulation. With these facts in 
mind our experiments ma.y be divided into two main groups: 1, the effects of 
acid upon “exogenous” humoral intermediation (i.e., of acetylcholine applied to 
the heart from without), and 2, the effects of acid upon “endogenous” humoral 
intermediation (i.e., of acetylcholine physiologicalty released at the endings of 
activated nerve fibers). In the first group of experiments the heart (in this 
case of the turtle) is excised and arranged in a specialty constructed glass vessel, 
open above for recording ventricular contractions, and fitted below with a three 
way HUing and draining stopcock for changing the surrounding emdronmental 
solutions. In the second group of experiments the heart is left in situ and ex- 
posed sufficiently b}”^ an opening in the plastrum and pericardium to permit regis- 
tration of auricular and ventricular contraction and flooding the heart with the 
solutions under stud 3 L The turtle’s head was crushed, rather than pithed, to 
avoid excessii’’e hemorrhage and to preserve a normal circulation through the 
heart. The vagus nerves ivere exposed, freed, cut, and drawn through a com- 
bination moist chamber and electrode holder (T tube construction). This ar- 
rangement assured a continued dependable uniformity of excitabilit}’’ of the 
nerve to faradic stimulation. 

Results. 1. Polentiation of exogenons Immoral intermediation by simidtaneous 
acidxdation with exogenous acid. For reasons unknown, individual hearts showed 
considerable variability of sensitivity to the inhibiting action of acetylcholine. 
Consequentty the concentration of acetylcholine required to produce a perceptible 
slowing of the heart was determined in advance for each e.xperiment. Three 
solutions were then prepared: 1, plain Ringer’s solution; 2, plain Ringer’s solu- 
tion plus acetylcholine, and 3, plain Ringer’s solution plus a similar amount of 
acet5dcholine plus carbon dioxide. The heai-t was routinely exposed to these 
solutions in the order 1, 2, 1, 3, 1, 2, 1 (see figs. lA, IB and 1C). The draining 
and flooding of the heart, required to change solutions, produces abrupt irregu- 
larities which maj'' be disregarded for tlie tracings are intended to show changes 
in frequency only. With this in mind, it is clear that the inhibition of the pace 
setter, produced by carbonated acetylcholine solution at B is considerably greater 
than that produced bj^ the noncarbonated acetylcholine solution at A and C. 
The pH’s of the noncarbonated and carbonated solutions as determined bj^ the 
glass electrodes Avere 7.2 and 5.7 respectivel 5 L 

Assuming that carbon dioxide and acetylcholine enter the heart freely and 
simultaneous^'’ bj^ the process of simple diffusion, the acetylcholine which enters 
the tissues from the carbonated acetylcholine containing solution is presumably 
destro 5 ’'ed more .slowfy than under ordinary conditions of acid-base equilibrium. 
It, therefore, attains higher concentrations and exei-cises greater inhibitor.y 
action. 
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Potentiation referable to inequalit}’’ of the acetylcholine content of solutions 
1 and 2, due to inequality of the rate of its destruction, is ruled out on three 



Fig. 1. Potentiation of exogenous humoral intermediation of cardiac inhibition by 
simultaneous acidulation of the heart with exogenous acid. Ventricular tracing. The 
heart was covered with acetylcholine containing Ringer’s solution at A and C and with 
acidulated acet 3 dcholine solution at B. 

Fig. 2. Potentiation of exogenous humoral intermediation of cardiac inhibition by pre- 
acidulation of the heart with exogenous acid. Ventricular tracing. The heart was covered 
with acetj'lcholine containing Ringer’s solution for a period of 20 seconds at A, B and C. 
Preceding A and C the heart was flooded with plain Ringer’s solution. Preceding B it was 
flooded for two minutes with carbonated Ringer’s solution. 

points: 1, acetylcholine disappears verj'^ slowty in cholinesterase-free solutions 
at the pH’s employed (see Dale and associates); 2, all acetylcholine solutions 
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were freshly prepared before each test allowing very little time for destruction, 
and 3, potentiation occurs after pre-acidulation as well as during simultaneous 
acidulation of the heart (see following section). 

In the interest of exactness it is well to appreciate that the term “potentiation” 
as generally emploj^ed in relation to the ph 3 ’^siological action of anti-cholines- 
terases does not conform with the definition “to render more active phj^siologi- 
call.y” (Webster), for so far as we are aware neither acid nor eserine serve to 
increase the phj’^siological response to acet 5 dcholine. "i^Tiile it is conceivable that 
carbon dioxide might exert an effect independent of its anti-cholinesterase action, 
our figures give no evidence on that point. Wlien acting bj’- itself there is little 
or no effect on rhjdhmicity of the heart (compare the beginning of figs. 3 A and 
3C with 3B); This agrees with Smith (1926) that rl^thmicity of the turtle’s 
heart is maintained with remarkable constancj’’ under great changes of carbon 
dioxide. However when carbon dioxide works jointly’- with acetylcholine it 
exercises remarkable effects. It is, therefore, believed that carbon dioxide and 
acetylcholine enter the heart freety and simultaneousl 3 ’- b 3 '^ a process of simple 
diffusion, and that the acet 3 dcholine which enters the tissues from the carbonated 
acetylcholine containing solution is destro 3 'ed more slowly than under ordinaiy 
conditions of acid-base equilibrium. It consequentl 3 ’’ attains higher concentra- 
tions and produces greater inhibitor 3 '^ action. 

2. Potentiation of exogenoiis humoral intermediation by 'pre-acidxdation with 
exogenous acid. These pre-acidulation experiments have a special significance 
of contrasting the role of tissue pH with that of the acet 3 dcholine carr 3 ’ing solu- 
tion in which the heart is placed. That point is illustrated in figures 2A, 2B 
and 2C. First in order of procedure (see fig. 2A), the nomial beat is established 
b 3 ’' flooding the heart vith plain Ringer’s solution. The heart is then drained 
and covered with acetylcholine containing Ringer’s solution for a period of 20 
seconds as indicated by the horizontal bar to record the degree of inhibition oc- 
curring under so-called normal acid-base conditions. Next the heart is re- 
flooded vdth plain Ringer’s solution which reveals the rate of recovery and the 
after-inhibition which may be analogous to the “after-discharge” seen in the 
central nervous system after reflex stimulation. Second in order of procedure 
(see fig. 2B) the heart is exposed for several minutes to a carbonated Ringer’s 
solution, free of acet 3 dcholine, for the purpose of pre-acidulating the thin-ivalled 
structures of the basal part of the heart where the paras 3 TOpathetics terminate. 
The pre-acidulated heart is then re-exposed to the acetylcholine-containing and 
carbon dioxide-free solution precisely as in figure 2A. It is then reflooded vith 
plain Ringer’s solution and allowed to recover. In figure 2C all procedures of 
figure 2A are duplicated for the final control. The greater degree of cardiac 
inhibition as a result of the exposm’e to acetylcholine follovdng pre-acidulation of 
the heart and the greater extension of tliis inhibition into the period of recoveiy 
manifests the potentiation of exogenous humoral intermediation b 3 ^ pre- 
acidulation. 

Comparable potentiation b 3 ’' simultaneous acidulation (fig. 1) and b 3 ’^ pre- 
acidulation (fig. 2) indicates that tissue acidity is the essential factor involved in 
potentiation and that the order of entrance of acid and acetylcholine into the 




Fig. 3. Potentiation of vagal inhibition of tlic heart (i.e., endogenous humoral inter- 
mediation) by exogenous acid. Ventricular tracing above and left auricular tracing below. 
The heart was covered with plain Ringer’s solution for several minutes preceding stimula- 
tion in figures 3A and 3C. Preceding stimulation in figure 3B it was covered with 
carbonated Ringer’s solution. 

Fig. 4. Potentiation of vagal inhibition of the heart (i.e., endogenous humoral inter- 
mediation) by endogenous acid. Ventricular and left auricular tracings. Before vagal 
stimulation at A and C the heart was flooded with plain Ringer’s solution for a period of 
several minutes. Before D the heart was flooded with a sodium cyanide containing Ringer s 
solution for a similar period. 

Fig. 5. Additive potentiation of vagal inhibition of the heart by the combined action of 
exogenous and endogenous acids. Left auricular tracing above, right auricular tracing 
below. The right vagus nerv'e was stimulated. In the control observations A, C, B and 
O the heart was covered with plain Ringer’s .solution. B and D show the indivddual poten- 
tiating eficcts of carbon dioxide and sodium cyanide re.spcctively. C shows the combined 
potentiating eflects of these acids. 
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tissues is of minor, if any, importance. The prolonged “after-inhibition” or 
after-dischai-ge during the recoyeiy shown in figure 2B agrees -with a slowly 
progressing de-acidulation and a slow!}- diminishing anti-cholinesterase activity 
of tissues. 

3. Potentiation of “endogenous Immoral intermediation” by exogenous acid. 
To investigate this possibilit}’- the vagus nerve (either left or right) was stimu- 
lated at regular intervals with a faradic current just strong enough to produce 
a minor retardation of cardiac rhythm and a slight reduction of amplitude of 
auricular contraction. The heart in turn was covered in alternate order vith 
noncarbonated and carbonated Ringer’s solution before each stimulation. The 
right vagus nerve was stimulated in the experiments illustrated in figure 3 for 
periods of 20 seconds’ duration and contractions of the ventricle and left auricle 
recorded. The heart was covered with plain Ringer’s solution in figures 3A 
and 3C and ivith a Ringer’s solution saturated with a 20 per cent carbon dioxide 
mixture in figure 3B. The striking augmentation of the chrono- and inotropic 
effects of vagal stimulation by carbon dioxide indicate that endogenous humoral 
intermediation can be potentiated by exogenous acid in a way similar to the 
potentiation of exogenous himioral intermediation. As far as we can see these 
results are analogous to the potentiation of reflexogenic lyperpnea in the respira- 
tory centers produced by hypercapnia (Gesell, Brassfield and Hansen, 1942). 

4. Potentiation of endogenous Immoral intermediation by endogenous acid. The 
similarity of exogenous and endogenous humoral intermediation of cardiac in- 
liibition combined with the potentiation of each by exogenous acid bespeak a 
freedom of movement of humor and acid to their site of action in the tissues of 
the heart, and suggest the probability that potentiation of humoral intermedia- 
tion maj'' also occm- under physiological conditions entailing an increased pro- 
duction of endogenous acid. This hj'pothesis was tested vith the aid of sodium 
cjmnide, a substance known to increase the lactic acid content of living tissues. 
The vagus nerve was stimulated at regular intervals as described in the preceding 
section and the heart alternatel}'" covered vdth plain Ringer’s solution and 
Ringer’s solution modified by the addition of sodium cyanide (see figs. 4A, 4B 
and 4C). Figures 4A and 4C, where the heart was flooded with plain Ringer’s 
solution, serve as the controls to the two .obsen’ations in figure 4B where the 
heart was subjected to the action of sodium cj'^anide (0.0004 M). As in figures 
3A, 3B and 3C the right vagus nerve was stimulated (20 sec.) and the contrac- 
tions of the ventricle and left auricle were recorded. Greater diminution of 
frequencj^ and strength of auricular contraction and prolongation of after-dis- 
charge in figure 4B indicates potentiation of humoral intermediation b}'" 
endogenously formed acid. 

5. Additive potentiation of endogenous Immoral intermediation by exogenous and 
endogenous acid. In attributing the potentiating effects of exogenous and endog- 
enous acids to a modification of tissue pH it is implied that their effects are 
additive. This implication seemed worthy of study, The method used is es- 
sentially that described for figures 3 and 4. Results of one set of observations 
in wliich the right vagus nerve is stimulated and the left and right auricular con- 
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tractions recorded are shown in figures 5A to 5G, liigures 5A, 5C, 5E and 5G 
are the controls sho^ving the effects of uniform vagal stimulation while the heart 
is covered with plain Ringer’s solution,. Figures oB, 5D and 5F show the . inter- 
vening effects of similar stimulation while the heart is covered, first vdth car- 
bonated Ringer’s solution equilibrated Avith a 20 per cent carbon dioxide gaseous 
mixture, second Avith Ringer’s solution to which is added cyanide, and third 
AAuth Ringer’s solution to AAiiich iDoth carbon dioxide and cyanide are added. 
Either carbon dioxide or C 3 ’'anide alone have but a small potentiating effect upon 
A'^agal inhibition of frequency and strength of beat; Avhen combined the effect is 
decidedly greater. The inference is that the indiA’idual pH effects of the exoge- 
nous and endogenous acids are addith'e. The possibility that cyanide may con- 
tribute additional anti-cholinesterase acti\dty by direct poisoning of the 
cholinesterase is not excluded.^ 

Discussiox. There are scA^eral reasons for belieA'ing that potentiation of 
humoral intermediation b}^ acid maA’’ possess a broad biological significance. 
Most important is the occurrence of potentiation in all supposed!}' cholinergic 
SA’’stems so far tested AAuth carbon dioxide — ^the central neiwous sj’stem, the heart, 
respiratory muscle, the intestinal loop and the submaxillar}’’ gland. The demon- 
stration of potentiation of cardiac inhibition by lactic acid as well as by carbon 
dioxide point to pH as the instrument inAmlA’’ed. By Aurtue of this common 
integrant, the miscellaneous acid products of tissue metabolism would be em- 
powered to combine their effects into a fluctuating anti-cholinesterase actmty 
and conceiA'ably play an integratiA’’e role of no mean importance. Those, acids 
AA’hich are produced in great and in fluctuating quantity, notably carbonic and 
lactic acids, Avould be expected to play a major part in the control of cholinesterase 
actiAuty in the tissues. The freedom of diffusion and of gross transport of these 
acids from one neighboring locus to another, or from one distant tissue to another 
AYould contnA'e to make them function locally and generally. The increase in 
acidity resulting from an excessh-e foimation of carbon dioxide in hyperactn'e 
tissue, or from an excessrte foimation of lactic acid in augmented anaerobic 
metabolism could therefore proAude a co-ordinated and automatic adjustment to 
changing respiratoiy or energy requirements. Direct experiments by Winder 
( 1942 ) haA’-e shoAA'n that the local stimulating effects of carbon dioxide excess 
and of oxygen lack in the carotid body are additiA’^e. Since A^ Euler, Liljestrand 
and Zotteiman ( 1941 ) “look upon the sinus region as a sort of nenmus center 
AA'ith peripheral localization of the same general type as in the olfactoiy or optical 
peripheral organ” it aa'us proposed (Gesell and Hansen, 1943 ) that the addilne 
effects noted by Winder are an expression of their combined anti-cholinesterase 
actiA'ity, i.e., pH. In the present paper we add a second example of such additn e 
effects of carbonic and lactic acids in the potentiation of the response of the 
heart to vagal stimulation. 

Scattered and miscellaneous observations in the literature would seem to lend support 
to our views. Direct agreement with our experimental results is found in the experimen 
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of Andrus (1924) on the eflfects of certain changes in the perfusate upon the isolated auricle 
of the rabbit, viz. “The inhibitorj’- effects of certain vagomimetic substances — acetylcholine 
and choline — upon the auricle is more pronounced at PH 7 than at PH 8. Stimulation of 
the vagus of the tortoise is likewise more effective in stopping the heart at PH 7 than at PH 
7.8.” Segers (1939) found that sodium bicarbonate diminished the inhibitory effects of 
vagal stimulation in the frog. 

The relation of intensity of vagal inhibition of the heart of the turtle to the amount of 
acetylcholine liberated in the heart is established by Brown and Eccles (1934A) . They find 
the curve of inhibition of the "left vagus to be indistinguishable, except for intensity, from 
that of the right vagus which is stronger” and show that eserine increases the intensity and 
prolongs the inhibition of a single volley. Hence it is concluded (agreeing vuth the effects 
of acid in our experiments) that the decline of the inhibitory cur\m is due to the progressive 
destruction of the liberated acetylcholine by cholinesterase. Additive effects of single 
volleys to the left and right vagus are demonstrated by the agreement of the theoretically 
combined inhibitory curve with that of actual combination of left and right vagal stimula- 
tion. To quote (Brown and Eccles, 1934B) "Since as was shown above, the right and left 
vagus nerves are distributed independently to the pace maker, a volley down each would 
produce a concentration of acetylcholine substance equal to the sum of the concentration 
produced by either volley alone.” These additive effects of individual "liberations” of 
acetylcholine may be regarded as analogous to those of individual "preservations” of 
acetylcholine demonstrated for the combined anti-cholinesterase activity of carbonic and 
lactic acid. Greater potentiation of vagal inhibition by the combined effects of eserine 
and carbon dioxide, as compared with that of either alone, illustrate the additive effects 
of preservation of acetylcholine by two widely differing anti-cholinesterases (Gesell, 
Brassfield and Hansen, 1942). 

According to Brown and Eccles (1934B) the latent period of inhibition of the heart by a 
single volley is lOOcr. This leads them to believe that most of the latent period is consumed 
in diffusion of acetylcholine from the site of liberation to the site of action, a conclusion of 
interest to the freedom of movement of acid metabolites and of neurohumors e.xpressed in 
our paper. 

Feldberg and Gaddum (1934) express the opinion in their study on the chemical transmit- 
ter at synapses in a sympathetic ganglion that it is "even probable that the preganglionic 
vagus fibers are also cholinergic and since their ganglionic synapses lie in the heart tissue 
their mechanism may also make some contx’ibution to the Vagusstoff.” Consequently both 
pre- and post-ganglionic terminals must be considered in acid-hmnoral control of heart 
beat. The findings of Bronk and Larrabee (1937) on the effects of activity and altered 
circulation on ganglionic transmission are interesting in that connection for they may be 
ascribable to the greater accumulation of endogenous acids which must occur in the non- 
perfused ganglion. "In a circulated ganglion submaximal preganglionic stimulation at a 
frequency of 5 to 10 a second produces a discharge of postganglionic volleys with a corre- 
sponding frequency and of a constant size. Ten to fifteen minutes after the circulation has 
been stopped similar stimulation produces a series of postganglionic responses which 
progressively increase in size until they become 4 or 5 times as large as the initial volley 
of the series. - Furthermore, if the stimulation be continued for some seconds and then 
stopped, a preganglionic volley 30 seconds later will still evoke a postganglionic volley 
larger than the initial test response. Here is evidence for long-lasting facilitation in 
non-circulated ganglia.” 

Cannon and Haimovici (1939) state that "The simplest way to excite spinal nerve cells 
is by partial asphj'-.xia.” This was done by stopping artificial respiration rather than 
circulation. Bauer (1938) in his experiments on the effect of asphy.xia upon the heart rate 
of rabbits at different ages states that "Stimulation experiments show that a stimulus which 
is above threshold for an 11-day rabbit fails to slow the heart at earlier ages under ordinary 
conditions but will do so if the animal is asphyxiated.” Porter, Blair and Bohmfalk (1938) 
studying facilitation of reflex action in the spinal cat find with a method capable of detecting 
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the. entrance of individual motor units— 1. Slight asphj'.xia, caused by the intravenous 
injection of sodium cjmnide, increases the number of motor units responding to tlie same 
sensory stimulus as before. 2. The increased response is not a direct stimulation of motor 
neurons because no contraction occurs if sensory stimulation is discontinued during the 
period of increased contraction. 3. Asphyxia produced by increased intraspinal pressure 
acts similarly. 4. Neither injection of cyanide nor increased intraspinal pressure causes 
new motor units to enter into the contraction when the tenuissimus is used as a nerve muscle 
preparation. 

Many other observations might be cited suggesting that acid control of humoral inter- 
mediation may play a broad biological role. 

SUMMARY 

' The phenomenon of “potentiation” of humoral intennediation acid was 
studied on the heart of the turtle. 

It was found that carbon dioxide added to an acetylcholine containing Ringer’s 
solution augmented the inhibitory effects of this solution. This may be regarded 
as an example of potentiation of exogenous humoral intermediation by an exog- 
enous acid. 

Pre-acidulation of the heart by immersion in carbonated Ringer’s solution 
was found to produce similar potentiation which indicates the significance of 
tissue acidity. 

Exposure of the intact heart to carbonated Ringer’s solution increased the 
inliibition produced b}’’ faradic stimulation of the vagus. This finding is regarded 
as an example of potentiation of endogenous humoral intennediation bj’’ exog- 
enous acid. 

Exposure of the heart to small concenti’ations of c^mnide in Ringer’s solution 
also increased the effects of vagal stimulation. It is suggested that this result 
illustrates potentiation of endogenous humoral intennediation bj’ an endogenous 
acid (i.e., lactic acid)". 

Simultaneous exposure of the heart to carbon dioxide and C3’’anide produced 
a much greater potentiation than exposure to either substance alone. This is 
thought to indicate an additive effect of two endogenous acids upon tissue pH 
and anti-cholinesterase activity. 

Reasons are brieflj'' stated in support of the hypothesis that potentiation of 
humoral intennediation bj’' acid maj"^ pro\dde an automatic chemical adjustment 
of general biological interest. 
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Recent reviews on the necessity of dietary copper in animal metabolism 
(1, 2, 3) have siunmarized the details of earlier experiments. Tlie general con- 
clusions that copper is necessary as a supplement to iron for hematopoiesis; 
that of a large group of elements, copper is unique in this respect; and that 
copper is not concerned with the assimilation of iron but with the conversion 
of iron to hemoglobin; have been extended to a rat, mouse, chicken, rabbit, 
pig and lamb. 

Since there is no reason to expect a difference in the mechanism of hemato- 
poiesis in the dog and other red blooded mammals, it Avould seem likely that a 
hemorrhagic anemia in the dog would respond similarily to the administration 
of copper and iron. However, Wliipple and Robscheit-Robbins (4, 5, 6) using 
dogs AAuth prolonged hemorrhagic anemia on a sahnon bread diet, haA'e been able 
to obtain only irregular responses to the use of dietaiy copper. 

Earlier experiments in this laboratory also indicated iiTegular and incomplete 
responses to copper (7, 8). This difficulty was exioerienced with both hemor- 
rhagic and nutritional anemia in ^mimg dogs. "Wliile a prompt response to 
copper feeding Avas obtained AAithin tAVo AA'eeks, the hemoglobin leA'el of the blood 
seldom rose aboAm 10 grams per 100 cc. of blood. Although the animals were on 
a raAA' milk diet and Avere young groAAing dogs there seemed to be .no' reason to 
doubt the adequacy of the ration Avhen supplemented AAith iron,, copper and man- 
ganese. Since our early work it has become eAudent that maximum hemoglobin 
levels are not reached in the dog imtil matmity. In most cases on an adequate ■ 
diet the hemoglobin leA^el increases from a leAml of 7 to 9 grams per cent imme- 
diately after weaning to a leAml of 11 to 13 grams per cent during the following 2 
to 3 months AAith further gradual increases. Additional Avork has shoAAH that 
dogs receh’^ing a casein-sucrose diet supplemented only AAith the crystalline B 
Aitamins show rapid and complete hemoglobin response after seAmre phlebotomy 
(9) . The rather high leAml of B Aitamins in the ration compared to the milk diets 
suggested a possible significant difference in the rations. With this information 
available, neAV experiments were undertaken. 

Experiwextal. Eight recently weaned puppies AA^ere selected for this experi- 
ment. Six of these (2-7) AA'ere hound littermates, approximatel}’' 7 AA'eeks old 
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Avlien started on the diets. Dogs 1 and 8, of collie extraction, ■were 9 ■weeks of 
age. Thej’- 'were all injected with distemperoid and treated t\\Tce ■\\ith an anthel- 
mintic (tetrachlorethylene) before being placed on the experiment. 

The dogs Avere kept in wooden metabolism cages upon galvanized wire screen- 
ing. The raAv milk ration, supplied from earthenware crocks, was supplemented 
Avith 100 micrograms thiamine and riboflaAnn, 60 micrograras pyridoxine, 500 
microgi’ams calcium pantothenate, 2 mgm. niacin, 50 mgm. choline and 3 drops 
of halh'er oil per kilo of body Aveiglit per day. Three milligrams manganese as 
MnS 04 -H 20 AA'as supplied daily, and copper as CUSO 4 -51120 and iron as FeCb- 
4 H 2 O further supplemented the ration as indicated beloAv. 

Body AA-eights and blood samples Avere taken before the morning feeding. 
Blood samples for analj’^sis AA’ere A\TthdraA\Ti from the radial A’’ein. Routine 
hemoglobin, hematocrit and red cell counts A\'ere made as in previous experiments 
(10). The dogs Avere bled from the extonial jugailar A^ein, remoA^ing approxi- 
mately 20 per cent of the estimated blood volume at a single bleeding. The 
animals AA'ere bled over a three day period to reduce the hemoglobin level to 
approximatelj'^ 6 gi'ams per cent, normally considered a severely anemic leA'el. 

Results. Dog 2, the positive control, recehang mineral supplementation of 
3 mgm. copper and 30 mgm. iron, after an initial decline dming the first AA'eek, 
shoAA'ed a gradual increase in hemoglobin, hematocrit and red Irlood cells. Dogs 

I, 4-7, receiving 30 mgm. iron, but no copper shoAved a similar response in 
hemoglobin during the same period. The pups Avere noAv 3| to 4 months old. 
The animals AA'ere bled heavily during the ensuing 3 da 3 ’^s reducing the hemoglobin 
level to 5. 1-6.4 grams per cent. 

The positive control, to AAfiiich copper Avas ahvays available, slioAved an imme- 
diate increase in hemoglobin, reaching 11.6 grams per 100 cc. at the end of 19 
daj^s. The administration of 3 mgm. copper to dog 7 immediately after hemor- 
rhage brought about a similar increase in hemoglobin. Dog 6 recemed no copper 
for 20 daj^s, during AA'liich time the hemoglobin leA^el remained beloAV 5.6 grams 
per cent. HoAA'ever, AAithin one AA'eek after the daily administration of 3 mgm. 
copper the hemoglobin rose to 7.9 grams per cent and continued to increase to 

II. 8 grams per cent in the folloAAang tAA'o AA'eeks. Dog 5 AA'as not fed copper imtil 
27 daj'S after hemorrhage. The hemoglobin fluctuated betAveen 6.4 and 7.5 
grams per 100 cc. Avithin that 27 daj' period but Avas at 6.8 grams per cent at the 
time of copper feeding. . The administration of 3 mgm. copper daiR' brought 
about the usual sharp response diu'ing the next three AA'eeks. The administra- 
tion of copper Avas delaj'ed for 46 and 48 daj's in the case of dogs 1 and 4. During 
tliis period the dogs exhibited a sIoav increase in the hemoglobin level for the first 
four Aveeks, onlj' to drop again b 5 ’- the end of the period. The hemoglobin re- 
sponse to copper feeding in both dogs AA'as A'erA' rapid. The complete changes in 
the hemoglobin levels for the indiA'idual dogs are shoAvn in figure 1. 

Dog 8, supplied AA'ith 3 mgm. copper and no iron, shoAved a severe nutritional 
anemia after 15 daj's on the raAv milk diet. The hemoglobin le\'el reached 4.8 
grams per cent. At tliis point 10 mgm. iron was fed dailj'. The hemoglobin 
leA'el rose graduallj' to a leA'el of 13.1 grams per cent at the conclusion of the 
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experiment. Dog 3, fed adequate copper, received no iron. The hemoglobin 
level dropped slowly from the original 8.2 grams per cent to G.O grams per cent 
two months after the start of the experiment. Twent 5 ' milligrams iron were then 
fed daily in addition to 3 mgm. copper and the hemoglobin le^"el rose gradually 
to 12.1 grams per cent at the end of the e.xperiment. 

The red cell count at the start of the experiment ranged from 3.G8 to '4.92 
million per cubic centimeter for the 5 animals without copper. These counts 



Fig. 1. The complete hemoglobin picture for the individual dogs during the course of the 
experiment. 


had increased to a range of from 4.95 to G.09 after two months on the experiment 
and just prior to phlebotom}". The animals were then heardl 3 ^ bled removing 
200 to 425 cc. The red cell count dropped sharpl 3 ^ and remained at 2.31 to 3.50 
million until copper was added. The red cell count in dog 5 remained depressed 
for one week before exliibiting the sharp response shovra b 3 '' dogs 6 and 7. Dogs 
1 and 4 showed a gradual increase in red cells to 3.G and 4.0 million before coppei 
was fed, and after copper therap 3 ' gavm a rapid increase in red cell count. Dog 
exhibited a two da 3 ' dela 3 ' in the cellular response. The red blood count of dog 
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rose from an original 4.26, million to 6.23 million just prior to plllebotom 3 ^ After 
bleeding, the count dropped to 3.12 million and remained below 3.0 million for 
the next five daj^s. Onty during the follovung week was a cellidar response 
obtained that was typical of dogs 6 and 7. 

Dog 3 showed no distinguishing characteristics during the iron deheient period. 
The administration of 20 mgm. iron after the nutritional anemia occurred caused 
only a gradual increase in cell counts. This was also true of dog 8. The animal 
had a lower original cell count and responded to the feeding of 10 mgm. iron with 
a sharp rise in cell count to about hve million and remained there thereafter. 
The graphical representation of all red cell counts is shown in 6gure 2. 



Fig. 2. The complete red blood cell counts for the individual dogs during the course of 
the experiments. 

Copper has apparently some influence on the gross body weight. None of the 
animals on a copper deficiencj'' showed anj'^ deviations in weight increases from 
the control animal up to the time of phlebotom 3 ^ After the animals were bled 
weight differences did occur. Dog 2, receiving adequate copper, and dog 7, 
supplied with copper immediately after phlebotomjq gained 4.5 and 5.6 kilo re- 
spectively. These values compared with an increase of 0.05 and 1.9 kilo for dogs 
1 and 4 for a comparable period. After copper therapy both dogs gained -weight 
rapidlj’- bringing the total weight of the animals approximate^'’ equal to that of 
the positive control. There “was little or no inci’ease in weight during the period 
of one month when dogs 5 and 6 Avere AATthout dietaiy copper. The Aveight re- 
sponses of these animals to copper re.sulted in AA*eight increases of 3.5 and 1.5' kilo 
so that the animals again paralleled the groAAth of the control dog. 

An iron deficiencA^ of tAvo months’ duration in dog 3 caused a delay in gi-OAAdh. 
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In both instances of iron administration to dogs 8 and 3 the weight increases coin- 
cided Anth iron therajDj^ and equalled the growth of the control dog. 

In general the appetite remained unaffected in the cojjper deficient dogs before 
bleeding. After phlebotom.y, however, continued deprivation of copper resulted 
in a depressed appetite and suppressed growth. There was an immediate re- 
covery of appetite upon the administration of copper to these animals. This 
poor appetite on the iron deficient ration, and the immediate stimulation after 
supplementation with iron Avas also shoAvn by dog 3. ■ 

The mean corpuscular Amlume (calculated) varied AA'idely in all dogs on the 
copper deficienc 3 ". The extreme Amines ranged from 53 to 73 ir AA’ith a mean of 
63 u^, AA'hich does not differ significantlj' from the mean Amlues reported in the 
literature by Leichsoniing (11). ]3uring the course of phlebotomA’- the mean 
corpuscular volume of the control and copper deficient dogs generallj’’ increased 
oAmr the folloAAdng 2 to 19 daj^s. In tAA'o instances (dogs 5, 7) there AAms a slight 
decrease OAmr the tAvo da}' bleeding period AA'hich Avas then folloAved bj' a mean 
A'olurae increase within the next tAvo AA'eeks. The mean cellular A'olume response 
to copper therapj’ Avas one of general increase, concomitant Avith the hemoglobin 
increase. Dog 6, hoAvcAmr, shoAA'cd a dela}' in this respect; the response did not 
occur before the second AA'eek. 

The iron deficienc}' shoAved a greatei* effect on the corpuscular volume. Dog 8 
had a cellular Amlume of onlj'- 45-46 iri after 15 daj's on the iron deficient diet. 
Within tAvo Avceks after the administration of 10 mgm. iron the Amlume increased 
to 70 u^. Hereafter, A'ariations resulted in a mean A'olume of 64.7 u® which can 
be considered normal. Dog 3 exliibited a continual depression of coiTOUSCular 
Amlume throughout the iron deficient period, the A'alues decreasing from 62.8 to 
36.6 u’’. The administration again brought about normal A'alues. 

Changes in the saturation index AA'ere insignificant. On the AA’hole the hemo- 
globin in the cell seems to saturate the cell as long as it exists as a mature cell. 

Discussion. Leichsenring (11) has reported a mean A'alue of 17.5 dr 2.96 cc. 
for the oxj'gen combining capacity in A'olume per cent for normal dog blood. 
Using the commonh' accepted A'alue of 1.34 cc. of oxA'gen per gi-am of hemoglobin 
it is possible to conA'ert this A'alue into a hemoglobin A'alue of 13.1 dr 2.21 grams 
per cent. Values in this laboratoiy for adult dogs on a complete ration have 
been found to range from 13.0 to 18.2 grams per cent AA-ith a mean of 15.6. These 
A'alues and the A'alues of Gibson et al., Wintrobe, et ah, and others cited ty 
Leichsenring are comparable. There is a greater A'ariation in the hemoglobin 
level of j'ounger dogs, ’i^alues as Ioav as 4.9 grams per cent immediately after. 
Aveaning and 9.8 grams per cent 4 AA'eeks later, haA'e been observed. It is ap- 
parent that the hemoglobin content of the blood rises AA'ith the groAvth of the 
animal until maturitj' is reached. This picture differs in no Avaj' from that showm 
in rats (12, 13) and in humans (14). This Avould indicate that the hemoglobin 
levels attained b}' the dogs after the administration of copper are in the norma 
range. • 

Robscheit-Robbins and Vffiipple (15) liaA'c stressed the fact that potcntia 
hemoglobin production increases AA'ith the seA’eiitj' of the bleeding. It is obvious 
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then that as the normal hemoglobin level of the animal is approached the rate 
of hematopoiesis should drop off, the stimulus for rapid hematopoiesis being 
lacking. This is borne out b.y the fact that the hemoglobin of all the dogs re- 
sponded rapidlj^ within two weeks after therap 3 ’-, reaching a hemogloliin le^^el of 
11.0-12.0 grams per cent and rose onl 3 ’' slowl 3 ’' thereafter to a level of 13.0-15.0 
grams per cent. 

There are reports in the literature of high blood copper values in chlorosis and 
pernicious anemia and of a rapid rise of blood copper after both acute and chronic 
hemorrhagic anemia (7, 16). This increase in the blood is undoubtedh* the 
result of the rapid mobilization' of the copper stores from the tissue and pre- 
supposes a functional significance in relation to blood formation. On a prolonged 
diet, the raw cow’s milk suppl 3 ’’ing onl 3 ’- 0.10 to 0.20 mgm. copper per liter, there 
was obvioush'' a gradual depletion of the copper reserves. The original bleeding 
of these animals then resulted in a mobilization of the available stores and a final 
depletion of the mobilized copper vith the continued bleeding. This technique 
leaves the dog normal in most respects but has deprived it of copper and hemo- 
globin. 

A comparison of the data of dogs 8 and 3 AAith the remainder of the dogs shows 
clearl 3 ’- the complete dependenc 3 ' of the two metals upon each other for adequate 
blood formation. 


SUMMARY 

Young grovdng dogs on a raw milk diet supplemented with ciystalline B ^dta- 
mins and manganese were rendered anemic b 3 '’ bleeding. Blood anal 3 '-sis showed 
a characteristic picture of secondaiy anemia. 

The anemia showed no response to dietaiy supplementation of iron in the 
absence of copper. The dail 3 f administration of 3 mgm. copper brought about 
an immediate and rapid increase in hemoglobin, hematocrit and red cell counts to 
normal values. 

An iron deficienc 3 '^ in the presence of adequate (3 mgm.) copper caused a nutri- 
tional anemia and a concomitant decrease in mean corpuscular volume. The 
administration of 10, 20 or 30 mgm. iron with 3 mgm. copper gave the character- 
stic remission in the anemic dogs. 
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In pre^noiis work (1) it was observed that intravenous infusions of 5 per cent 
ossein gelatin in 0.9 per cent saline solution, when administered intermittently 
over a 7 hour period, were effective in preventing the shock which follows release 
of tight leg tourniquets in anesthetised animals. On the other hand, gelatin 
similarly administered to dogs subjected to leg muscle trauma, did not result in 
anj’- greater number of survivals than obtained bj’- employing infusions of an equal 
quantity of physiological salt solution. 

The marked decrease in blood volume following i-elease of leg constrictions is 
due to leakage of plasma through capillaries injured b 3 '^ prolonged anoxia. How- 
ever, the deeplj’’ anesthetized dog shocked bj’- traumatizing thigh muscles, loses 
whole blood into the injured area oudng to rupture of numerous small vessels. 
Furthermore, in shock due to this procedure there is present an impoi-tant ner^mus 
factor wliich contributes to the s 3 aidrome. 

Since gelatin was effective in preventing one t 3 q)e of shock characterized b 3 ^ 
plasma loss, it Avas considered Avorth AA’hile testing it in shock induced b3>- methods 
other than those previousl3' emplo5’-ed, AAhere plasma rather than Avhole blood loss 
into the legs also appears to be the principal initiating factor, and nervous influ- 
ences are apparently not concerned. 

We are indebted to the Upjolm Company of Kalamazoo, Michigan, forsuppl3’-- 
ing us AAath ample quantities of specialL"- prepared bone collagen gelatin. This 
gelatin, AA'hich has been autoclaA'-ed tAAuce in order to increase fluidit 3 '-,"is prepared 
in physiological saline solution and has an oncotic pressure of 70 mm. Hg after 
sterilization. It is free from p3'-rogens, and preserved with phen3d mercuric borate, 
1:25,000. We haA'^e not detected an3’' ill effects resulting from intraA’-enous use 
of large quantities of this gelatin, either at the time of injection or later. 

Considerable literature has accumulated pertaining to the stud3>' of gelatin as a 
plasma substitute since Hogan (2) reported his results on patients. Gelatin- 
saline solutions haA'-e in recent 3^ears been tested in the treatment of various t3^pes 
of experimental shock and haA^e been used on patients AA’ith some degree of success. 
According to most inA'estigators, it is not as effective as plasma but is more effica- 
cious than saline or other ciystalloidal solution (3-12). 

Methods. The method adopted for producing shock Avas that original^’' de- 

1 We are indebted to the Upjolur Company of Kalamazoo, Michigan for providing funds 
to defray a part of the expenses of this investigation. 

’ Upjohn Research Fellow. 

’ Guest investigator on leave from the Ciba Pharmaceutical Products Companj', Summit, 
New Jersej'. 
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ADsed by Duncan and Blalock (13), and consisted of the prolonged application of a 
leg press, made according to the specifications published by these inA^estigators. 
Preliminary experiments in AA'hich aa’c folloAA'ed the Duncan-Blalock technique of 
appljdng 500 pounds’ pressure for 5 hours to one thigh of the animal under deep 
anesthesia did not proA-e entirely satisfactory. HoAA'CA'er, 750 pounds’ pressure 
applied for 7 hours as high on one thigh of the anesthetized dog as possible gaA’e 
consistent results. . 

The animals AA'ere health}’ , mongrel dogs, aA’^eraging 10.6 kgm. in weight. Tliey 
AA’ere kept in the laboratoiy for at least one AA’eek before using, for it has been our 
experience that alloAA’ing sufficient time for the dogs to become AA'ell adapted to 
laboratoiy conditions before administering trauma of any kind, is important in 
shock studies AA’here suiwh'al is used as a test of the efficacy of an}’ therapeutic 
measure. 

Before applying the press, the dogs AA’ere giA’-en 30 mgm. of morphine subcutane- 
ously, folloAA’ed AA’ithin 30 minutes by an intraA^enous injection of 20 mgm. of 
pentobarbital sodium per kilogram of body AA’eight. Deep anesthesia Avas main- 
tained throughout all experiments and at no time AA’as the anesthesia alloAA'ed to 
become light. The hair A\’as remoA'ed from the right limb by electric clippers and 
the entire leg thoroughly cleansed AA-ith green soap and bathed AA’ith 80 per cent 
alcohol. The press AA’as then adjusted on the thigh so as to giA’e unifoim pressure 
of 750 pounds. We haA’e found it necessary to tighten the four bolts compressing 
the spi-ings of the press at inten^als throughout the experiment, for otherwise 
some of the compression is lost during the 7 hour period the press remains in place. 

FolloAAnng release of the press, the leg AA’as gently massaged for a few minutes. 
The light massage opens up the blood A’essels and helps restore the occluded circu- 
lation. It is our impression that such massage hastens the onset of shock. Deep 
anesthesia AA’as maintained for 18 to 24 hours, or until the animal died; during tins 
inten’al additional pentobarbital sodium AA’as injected intraperitoneally as re- 
quired. When anesthesia AA’as finally discontinued, the animals AA’hich surAiA’ed 
were alloAA’ed water ad libitum and AA’ere offered food, AA’hich aa'rs usually taken. ■ 

Blood pressure AA’as deteimined in the femoral artery by arterial needle punc- 
ture (15); hematocrit by means of capillary tubes in an air turbine (16) ; hemoglo- 
bin, NeAA'comer, and senim protein by the falling drop method (17). The expen- 
ments AA’ere perfoimed at room temperature A’arying betAA’een 22-24°C. dui’mg 
the 24 hours. , _ , 

The plasma, gelatin and saline infusions, unless otherAA-ise stated, AA’ere gn’cn 
intermittently at definite inten’als mitil the animal had receiA’ed a total of 40 cc. 
per kilogi’am. A total of 6 injections was giA’en spaced at 0, 1 , 2, 3, 5 and 8 houio 
after release of the leg press. A lesser number of infu.sions, e.g. 4 or 5, different y 
spaced over a shorter time interA’al, resulted in feAA’er sui’AUA’als. 

I. Control series A. This series consisted of 14 deeply anesthetized dogs, t c 
right hind leg of each being subjected to 500 pounds’ pressure for a period o o 
hours as recommended by Duncan and Blalock (13). None of the animals re 
ceiA’ed preliminary treatment AV’ith morphine, but folloAA’ing release of the 
the limb was gently massaged. Of the 14 dogs, 4 or approximately 28 per cen 
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survived indefiniteb’-, and 10 or 71 per cent died in shock. The average survival 
period of the dogs that died was 12 liours. The number of animals in this series 
surviving the procedure was considered too great. 

II. Control senes B. The preliminary set of experiments convinced us that 
for uniform production of fatal shock by means of the press it was a, necessar.y to 
applj'’ pressure in excess of 500 pounds; b, to appl}’- the press for a longer time than 
5 hours; and c, to administer 30 mgm. of morphine in addition to the pentobarbi- 
tal sodium anesthesia. Therefore in an additional control series consisting of 26 
dogs, morphine was administered followed 30 minutes later b}’- intravenous pento- 
barbital sodium, and 750 pounds’ pressure then applied for 7 hours. Following 
release of the press the limb was lightly massaged. As a result of these proce- 
dures only one animal, or 3.8 per cent sundved. The average survival period for 
the remaining 25 animals that died was 11 hours from the time of press removal. 

A. Arterial pressure. The average mean arterial pressure as determined in the 
femoral artery of 96 unanesthetized and untrained dogs of all series was 128 mm. 
Hg. However, witliin 10 to 15 minutes after administration of morpliine subcu- 
taneousl 3 ’’ the mean pressure fell to an average of 108 mm. Hg. Follovdng intra- 
venous injection of 20 mgm. per kilogram of pentobarbital sodium the mean 
pressure dropped to an average of 76 mm. Hg. Tliis sharp decline in blood pres- 
sure disappeared slowlj^ and by the end of 7 hours the pressure had returned to 
within an average of 8 mm. Hg of the initial level, or 120 mm. Hg. The effect of 
the morphine-pentobarbital sodium anesthesia upon blood pressure in representa- 
tive cases is graphicall}^ shown in figure 1. The average figures for all animals 
are given in table 1. 

Pentobarbital sodium alone does not lower arterial pressure, instead it induces 
an elevation. However, a similar depressing effect of morphine when used in 
conjunction with ether was reported bj'- Parkins (15). He determined the pres- 
sure in the femoral artery b}" the intra-arterial needle puncture method as Avas 
done in these experiments. Green, Nickerson, Lewis and Brofman (18) in a 
recent stud}^ of morphine and barbiturate anesthesia report that the blood pres- - 
sure (dogs) lA’as lowest when morphine and sodium pentobarbital Avere used to- 
gether, but the figures recorded for their six exiieriments testing the point are 
higher than ours. 

The arterial pressure AA'as near normal leA’-els, i.e., an aA-erage of 120 mm. Hg, at 
the time the press AA^as remoA'-ed, but thereafter exhibited a sIoav, steady decline. 
Six hours folloAAung remoA'al of the press the aAmrage blood pressure of the 26 
control animals AA^as 73 mm. Hg. Shortlj'' before death the pressure fell precipi- 
tateljL The progressiA’e loAA'ering of blood pressure AA'as accompanied bj^ an 
increasing pulse rate, marked hemoconcentration, decrease in plasma Amlume, and 
gross sAAnlling of the limb due to accumulation of plasma-like fluid m the tis.sues. 

B. Hemotonceniration. Blood concentration, as measured bjv hematocrit an’d 
hemoglobin changes does not occur to an appreciable extent during the 7 hour 
interA^al the press is applied (table 1). There appeared to be considerable Anria- 
tion among the indiAudiials of the series in this respect, some exhibited slight 
increases, others decreases in hematocrit and hemoglobin. The average figures 



332 


W. -W. S^VI^'GLE, W. KLEINBBKG AND H. -SV. HAYS 


as given in table 1 indicate this variation. Apparent!}^ while the press is applied 
the blood supph' is almost completely shut off and little if any flows through the 
vessels. Following removal of the press and light massage of the limb, hemocon- 
centration becomes marked. The Iflood flow through the leg- vessels is restored, 


TABLE 1 


Average blood pressure and blood concentration changes in traumatized dogs given plasma, 

gelatin and saline infusions 
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and the plasma apparently passes freelj' through the capillaries damaged b} t 
hours of anoxia. 


The greatly increased hematocrit and hemoglobin concentrations which in%aii 
aljly occur and attain their peak G to 8 hours after releasing the press, indicate tha 
the decrease in the volume of circulating fluid is probabh' due chief!}’', if i'® 
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entirely, to loss of plasma into the area of injuiy. This is also shown b}’- the au- 
topsj^ findings. The degree of hemoconcentration observed is strildngly similar 
to that noted after release of leg tourniquets. The hematocrit increased 71 per 
cent 6 to 8 hours after remoAung the press, while, the hemoglobin increased 83 
per cent. 

C. Plas77ia volume reduction. Plasma volume studies were made on 7 dogs of 
the control series. The blue dj-e T-1824 was used according to the technique 
described b 3 ^ Gregersen and Stewart (19). The average normal plasma volume 
of the seven dogs was 53 cc. per kilegram bodj’^ weight. Si.\ to 11 hours following 
release of the press, the plasma volume had declined to an average of 27.5 cc. pel- 
kilogram thus representing approximatelj^ a 48 per cent reduction (fig. 1). Pre- 
sumably most, if not all, of the plasma was lost into the tissues of the injured leg, 
at any rate there was nothing to indicate a generalized transudation. At autopsj'^ 
when the tissues of the swollen limb Avere cut, clear, straw colored fluid dripped 
from the cut surfaces. Other tissues examined were relativel}’’ dry and appeared 
dehydrated upon gross examination. 

D. Aidopsy findings. In general, the gross pathological findings observed in 
the animals AA-ere similar to those occurring after release of leg tourniquets. There 
Avas some congestion of the duodenum and jejunum, and an occasional dog ex- 
hibited hemorrhage into the lumen of the gut. Some congestion of the Ih-er, 
kidneys and spleen AA'as noted. jMacro.scopicall}’’ the adrenal cortex shoAA-ed a feAv 
hemorrhagic areas. Oiil3>- one of the dogs of the control series suiwived long 
enough to develop infection, but infection AAith Cl. Avelchii or other gas producing 
organism Avas observed in the injured area of tAvo gelatin infused dogs that sur- 
vived the procedure. Oliguria and hematuria Avere characteristic findings in 
most of the animals folloAA-ing release of the press. 

The limb AA-as SAVollen at death, and the SAA-elling ,apparentl.y represented accu- 
mulations of plasma-like fluid AA'hich could be readih’^ expressed from a cut surface. 
After death, in both gelatin or salt infused animals, fluid dripped freelj^ from SLuy 
cut made into the thigh tissue. The subcutaneous areas of the entire leg AA-ere 
distended AAuth fluid, and occasionallj'^ the fluid extended into the subcutaneous 
areas of the flank and of the loAA'er abdomen. 

In those animals which recoA’-ered as a result of either saline or gelatin treat- 
ment, the leg remained SAVollen for a AA'eek or more and AA’as paralj’^zed. EA^en- 
tuall}'^ necrosis appeared at the site of the greatest pressure, but despite the skin 
necrosis and slougliing, the dogs had noi-mal appetites and seemed healtliA'- and 
vigorous. The animals AA-ere usuallj^ kept for ten daj’-s in the laboratory and then 
sacrificed. The parab’-sis persisted throughout this intei-A-al. 

III. Gelatin infusion series. TAA’enty-six anesthetized animals were used in the 
experiments. Tliej'’ receh'ed treatment similar to series B of the control group 
until the press AA'as released at the end of 7 hours. IntraA-enous gelatin infu.sions 
Avere then started. Each dog receh'^ed a total of 40 cc. per kilogram giA’en inter- 
mittenth’- as 6 injections of 6.6 cc. per kilogram each over 8 hours. The animals 
surA-iAung at the end of 24 hours AA'hen anesthe.sia AA-as discontinued AA'ere offered 
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AA'ater and food. The}" exhibited thirst at this time and eagej-lj” took large quan- 
tities of AA'ater., 

Nineteen, or 73 per cent, of the 26 gelatin infused dogs did not develop shook 
and sur\dved indefinitely, and 7 or 27 per cent died, AAnth an aA’-erage .surAUA-al 
period of 16 hours. The aA'erage life-span of the gelatin infused animals that 
died following press remoA’-al aa'bs longer than that of untreated controls (table 1). 

It is eAudent from the data that gelatin infusions giA^en intermittently oA^er 8 
hours’after releasing the press are efficacious in preA'enting shock induced by this 
Iirocedure. Duncan and Blalock (14) in a series consisting of 15 anesthetized 
dogs subjected to the press, administered a single massiA'e transfusion of plasma 
equh'alent to 3.3 per cent of the bod}’' AA-eight oA'er a Iaa'O hour period starting im- 
mediately after remoAing the press. SLx, or 40 per cent, of the dogs liAmd, and 9, 
or 60 per cent, died. Apparently gelatin infusions if giA’^en intennittently are a 
better prophylactic treatment for preA’-enting the shock resulting from the press 
than is a single large transfusion of plasma. 

Attempts to preA’ent shock b}’’ administeiing the gelatin in 4 or 6 injections 
OA'er 0 to 7 hours proA’cd less satisfactoiy than 6 injections OA^er a longer inteiwal. 
Only a feiA- animals surAnA’ed AA'hen 3 to 4 hours AA’^ere permitted to lapse betAA'een 
release of the press and the first gelatin injection; b}^ this time hemoconcentration 
AA'as AA'ell established and the arterial pressure loAA’ered. Thus it seems reasonably 
certain that 6 gelatin infusions of 6.6 cc. per kilogram each, giA'en OA’-er 8 hours, 
represent the minimum AA’hich aaIII result in a good number of surA’'iA’’als. 

The aA'erage initial arterial pressure of the gelatin infused dogs aa'rs 129 mm. 
Hg. Six hours after press release the armrage pressure for the group AA'as 100 mm. 
Hg in the 19 surviA’'ors, and 91 mm. Hg in the group of 7 AA'hich died later. Eight- 
een hours after the press AA'as reraoA'ed the pressure AA’as 102 mm. Hg in the surA’iA'- 
ing gi'oup. One dog had a pressure of 59 mm. Hg at 18 hours but eA’CntuallA' 
recoA’ez’ed AA'hen permitted to haA'e AA’ater. Of the 7 animals that died, onl.A’’ a fcAA* 
surAnA’ed for more than 16 hours. 

Hemoconcentration although present AA'as less marked in the gelatin infused 
dogs as compared to untreated controls. For example, sLx hours after releasing 
the press, the aA’erage hematocrit and hemoglobin figures for the control series 
AA'ere 73 per cent and 23.1 grams per cent respectively. The aA'erage reading for 
the hematocrit of the gelatin infused dogs AA'hich surA’iA’ed AA'as 62 per cent and the 
average for hemoglobin AA'as 19.8 grams per cent. Complete return to noi'raal 
A’alues seldom occurred before 42 to 65 hours (table 1, fig. 1). 

IV. Saline infxision series. Since the gelatin AA'as a 5 per cent solution in phy.-yi- 
ological .saline, it AA'as imperath’e that the experiments be controlled by identica 
studies in AA’hich isotonic salt solution AA'as used as the injection fluid. Severn 
inA’estigators studA’ing the comparativ'e A’alue of plasma substitutes haA’e reporte 
that salt solution per se is effecth’e in a certain percentage of cases of .shock m- 
duced by A’arious means (7, 11, 20, 21). Recently the AA'riters obseiwed tha 
intennittent infusions of saline representing a total of 33 cc. per Idlogi’am admm 
istered in 5 injections OA’er a 7 hour period, effectiA’ely prcA’ented the shoe 
lusulting from leg muscle trauma in appro.ximately 50 per cent of the cases tea c • 
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It is true that similar infusions of gelatin likeinse prevented shock m 50 per cent 
of the traumatized dogs, but it "was obvious that in so far as this particular type 
of shock is concerned, the gelatin was no more effective as a plasma substitute 
than the saline in wliich it was dissolved. 

Twent 3 '-three anesthetized dogs were used in the experiments for testing the 
effectiveness of salt solution. A total of 40 cc. per kilogram was given in 6 injec- 


Liv»J — 



Fig. lA. Blood pressure and hemoconcentration changes exhibited bj" typical cases of 
a, the control series, and b, the series which received a single massive infusion of gelatin. 
The plasma volume changes represent the average decline shown b}’ 7 untreated controls. 
Fig. IB. Blood pressure and hemoconcentration changes shown bj' representative cases 
of the gelatin and saline infusion series. The low blood pressure during the press interval 
is an effect of the morphine-pentobarbital sodium anesthesia. 

tions of 6.6 cc. per kilogram each over an 8 hour interval as in the gelatin studies. 
Of the 23 dogs treated, 15 or 65 per cent died "udth an average survival of 17 hours 
from the time the press was removed, and 8 or 35 per cent sur^dved indefinitely 
(table 1, fig. 2). 

If the saline treated series is compared with that receiving gelatin the greater 
sundval value of the gelatin becomes e\ddent. Thus of 26 animals receiving 
gelatin, 19 or 73 per cent lived and 27 per cent died. The data indicate therefore 
that gelatin is definitely more effective in preventing shock induced b}’- the leg 
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press, than is saline in equal quantit}’- given intermittently over the same time 
interval. However, the intermittent saline infusions are of definite value as a 
prophylactic in preventing this type of shock. This is shown bj-- the numljer of 
animals survmng (8 of 23) when gi^'en saline, as compared to the one survivor' 
among the 26 animals of the untreated control series, 

V. Single massive infusion of gelatin. All infusions in the previous series of 
experiments were of the intermittent type. In tliis studj' the gelatin was given 
as a single infusion equivalent to 40 cc. per kilogram. The injection was begun 
within a few minutes after release of the leg press and before the arterial pressure 
had declined or hemoconcentration become evident. The gelatin was injected 
into the jugular vein at a rate not exceeding 1 cc. per kilogram per minute. 

Eleven dogs were used and but one .suiwived. The average life-span after 
infusion was 17 hours, an interval .six hours longer than that of the untreated 
series. The injured leg of all animals of the group exhibited mai’ked swelling at 
the end of the infusion and the ultimate size attained by the limb was con.sider- 
ablj^ greater than obseiwed in anj'' untreated control. Apparentby, the gelatin 
'when administered as a single massive infusion, rapidly passes through the in- 
jured capillaries into the tissues. Several students of shock have reported 
.similar obser\mtions after using large infusions of saline or plasma. At the end 
of the 6th hour after the single gelatin infusion, the hemoconcentration as judged 
by hematocrit and hemoglobin determinations was as severe as in untreated con- 
trols (table 1). At this time the average arterial pressure of the 10 animals 
compiising the group which died was 77 mm. Hg, the hematocrit 69.2 per cent, 
and hemoglobin 22.8 grams per cent (fig. 1 and table 1). 

Since fluid containing both 5 per cent gelatin and 0.9 per cent saline was ineffec- 
tive in preventing shock when given as a single infusion, it rvas considered 
unnecessary to test the effect of single massive injections of physiological saline. 

The experiment demonstrates that small intermittent infusions of gelatin, 
spread over an 8 hour period follovdng trauma are more effective in preventing, 
shock than equal quantities of gelatin administered as a single massive injection. 
This was found to be true also for plasma transfusions as shown in earlier work on 
shock induced by release of tourniquets. 

VI. Iniermittent transfusion of 'plasma. For comparison with the dogs receiv- 
ing intermittent infusions of gelatin and saline, ten animals subjected to the press 
were given .similar infusions of pooled, hepaiinized dog plasma. The total 
amount administered was 40 cc. per kilogram given in 6 injections over 8 hours. 
Three of the 10 plasma infused dogs or 30 per cent died, and 7 or 70 per cent siir- 
nved. Tlie experiment failed to demonstrate an 5 ’’ marked superiority of plasma 
over gelatin in preventing shock from the pi-ocedure empIoAmd, when both vere 
given intermittently. The-pertineht data are given in table 1. 


SU.M\LVRY 

1. The application of a Duncan-Blalock press to one hind leg of the deepll^ 
anesthetized dog for 7 hours at 7.50 pounds’ pressure, induced fatal shock in o o 
20 untreated control animals. Tlie average sur^dval period follomng release o 
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the press was 11 hours. Anesthesia was continued for IS to 24 hours in all of the 
experiments or until the animal died. 

2. The shock is characterized b}'- intense henioconcentration, progressive fall 
in arteiial pressure and loss of plasma. There is an ai'erage decline in plasma 
volume of 48 per cent. The greatl}’- swollen leg indicated that most if not all of 
the plasma volume decline could be accounted for by plasma loss into the injured 
area. 

'3. A single massive intravenous infusion of gelatin representing 40 cc. per kilo- 
gram, given immediately after removing the leg press, failed to prevent fatal 
shock in 10 of 11 dogs. The gelatin was apparentlj'- not retained in the circula- 
tion but rapidlj’’ passed through the injured capillaries of the limb. 

4. Six- intermittent gelatin infusions of 6.6 cc. per kilogram each, adminis- 
tered over an 8 hour inten’’al from the time of removing the leg press, prevented 
shock in 19 or 73 per cent of 26 animals. 

5. Intermittent infusions of 0.9 per cent saline, administered in equal dosage 
and OA’er the same time interval as the gelatin, proved to, be less effective. Eight 
or 35 per cent of 23 dogs survived, ivhereas 15 or 65 per cent died. 

6. Small intermittent infusions of pooled, heparinized dog plasma administered 
in the same dosage and over the same time interval proved no more effective in 
preventing shock than similar infusions of gelatin. 

7. Intermittent infusions of plasma or plasma substitutes, when gi^^en in small 
amounts over a period of hours, are more effective in preventing shock than is 
a single massive infusion. 
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Spliingom3’’elin has been demonstrated to be responsible for the specific action 
of the phosphatide fraction of the anticoagulant tissue albumin complex (1). In 
its presence the coagulation of citrated, recalcified plasma is prolonged or in- 
hibited. The rate of coagulation, according to Quick (2), is directl}’’ proportional 
to the concentration of available thrombin. Thrombin titration e.xperiments 
show that anticoagulant tissue albumin reduces the amount of available thi’om- 
bin. Such reduction may Idc effected by inliibition of the formation of thrombin 
in the first phase or by its inactivation before it comes into contact with fibiino- 
gen in the second phase of coagulation. The exi^eiiments to be reported show 
that the lipid anticoagulant interferes with thromboplastic activit}’' and that it 
neutralizes tlrrombin in isolated sj’^stems. Its anticoagulant activity is selec- 
tively inliibited by Reinecke salt. The finding that the coagulation of normal 
recalcified plasma is accelerated by Reinecke salt suggests that sphingomyelins, 
noimally present in blood, may play a similar role in the prevention of coagula- 
tion. 

^Iethods .4XD RE.A.GEXTS. The test employed for coagulation time and the 
preparation of tissue extracts, anticoagulant tissue albiunins and anticoagulant 
sphingomyelins liaAm been described in a previous communication (1). 

Fibrinogen solution was prepared from citrated dog plasma by the Florkm 
method (.3). The fibrinogen was precipitated at least three times vitli NaCl at 
55 per cent saturation. Test solutions of fibrinogen were made Arith concentra- 
tions of fibrinogen adju-sted to 0.5 per cent and of NaCl to 0.9 per cent. 

For preparation of thrombin solutions Eagle’s method (i) aa^s utilized. The 
standard, full strength, thrombin solutions Avere brought to the Amlume of plasma 
from AARich the}* AA’ere isolated. The jneld in throml^in by this method is about 
05 per cent of the theoretical (5). Testicular extract (0) served as thrombo- 
plastin. Heparin (Lederle), protamine sulfate (Squibb and Sons), Reinecke salt , 
(Eastman-Kodak) Avere the commercial pi-eparations emplo 3 ’’ed. 

I. Role of the Lvpid Anticoagulant in the First Phase of Coagulation. Calcium- 
Experiments AA*ere designed to detennine the possible influence of tissue anti- 
coagulant on calcium. When citrated plasma, recalcified AAuth optimal quanti- 
ties of calcium did not coagulate in the presence of adequate amounts of tissue 
anticoagulant, CAmn an excess of calcium had no effect. Tliis indicated that t le 
action of tissue anticoagulant is not dependent upon calcium ions. 

1 .'Aided by grants from the John and Mary R. Markle Foundation. _ -n- • n 

-Present address; Sterling Chemistry Jjaborator 3 ’', Yale University, New aAC > 
Connecticut. 
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Platelets. It was attempted to ascertain the influence of the anticoagulant 
tissue albumin on the disintegration of platelets. For this purpose smear prepa- 
rations (7) were used of citrated, recalcified plasma mixtures on slides coated 
with brilliant cresyl-blue. No striking difference was found in the beha^dor of 
the platelets due to the presence of the hpid anticoagulant. Small clusters of 
agglutinated platelets were found both in the presence and in the absence of the 

TABLE 1 


Effect of an excess of ihromhoplastin on the activity of tissue anticoagulant 


Solution of tissue anticoagulant 

in ml* 

Solution of thromboplastin in ml.. 
Saline in ml 

0.5 

0.5 

! 

0.2 

0.3 

i 

0.1 

0.2 

0.2 

0.2 

0.2 

0.1 

0.3 

0.2 

1 

0.4 

0.2 

0.5 

0.2 

Clotting time of plasma in sec.f.. 

348 

>1800 

9 

9 

9 

9 

9 

1 

9 

1 


* Tissue anticoagulant vras isolated from spleen and its solution had a protein concentra- 
tion of 1.56 per cent. 

t One-half milliliter of citrated plasma, recalcified with 0.3 ml. of a 1.1 per cent CaCL 
solution, was the test-mixture. 

TABLE 2 


Effect of an excess of tissue anticoagulant on the activity of thromboplastin 


1 

AtmCOACVZAUT EtTBACT OP SPLEEN* 

COAGULATION TIME OF PLASMAf 

ml. 

sec. 

0.00 

310 

0.05 

700 

0.10 

1140 

0.25 

2450 loose net of fibrin only 

0.50 

fluid in more than 14 hrs. 


Effect of isolated protein fractions of the above extract on the coagulation time of plasma 


rROTEIN JRACTIONS i 

COAGULATION TDCE OF PLASMA 

0.2 ml. of solution of globulins 

sec, 

' lOG 

0.2 ml. of solution of albumins 

: >3600 



* E.xtract of spleen was prepared from pig spleens and had a protein concentration of 
2.56 per cent. Globulins and albumins were separated by salting out precipitation with 
ammonium sulfate. The dialj^sed solutions of globulins had a protein concentration of 
0.96 per cent, that of albumins 1.48 per cent. 

t Test solutions were made of 0.5 ml. of citrated plasma and 0.3 ml. of a 1.1 per cent 
CaCl" solution. 

anticoagulant wdtMn a minute after recalcification. Shortb* before the controls 
coagulated, in six minutes, the platelets seemed to undergo disintegi’ation in both 
series. The plasmas containing the anticoagulant remained fluid for more than 
30 minutes. 

Thromboplastin. Tables 1 and 2 show that the coagulation time of recalcified 
plasma maj’- be altered at ^\ill by the addition of var 3 dng amounts of tlu'ombo- 
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plastin and of anticoagulant tissue albumin. The rate of coagulation is depend- 
ent on the ratio of the concentration of these two substances. 

When thromboplastin is in such excess that the coagulation time corresponds 
to the prothrombin clotting time of Quick (8) the activity of the anticoagulant 
tissue albumin is annulled. It should be noted in table 1 that the prothrombin 
clotting time is rminfiuenced even when tissue anticoagulant is added to plasma 
in amounts that prevent coagulation for over 30 minutes in the absence of added 
thromboplastin. 

"V^Tien anticoagulant albumins are in excess the activity of thromboplastic 
globulins is inhibited. As shown in table 2 increasing amounts of an anticoagu- 
lant extract of spleen progi'essivety prolong the coagulation time of standard 
plasma mixtures. In the whole extract the activity of thromboplastic globulins 
is inhibited by anticoagulant albumins. On isolation, however, their antagonis- 
tic activity becomes apparent. 

The antagonistic acti^uty of thromboplastic globulins and anticoagulant albu- 
mins is demonstrable by testing inert mixtures of these two substances. . Addi- 

T.ABLE 3 


Effect oj incubating 0.2 ml. of thrombin 0 strength) with 0.3 ml. of tissue anticoagulant and 
saline, respectively, at 37° prior to the addition of 0.5 ml. of fibrinogen solution 


OF lyCUBATlOK 

WITH SA1.INE 

WITH TISSUE AKTICOAGULAKT 

minults 

coagulation ti 

me in seconds 

0 

25 

34 

5 

25 

35 

10 

26 

33 

30 

24 

34 


tion of such inert mixtm’es or of similar combinations of kephahns and spiiingo- 
mj-elins to citrated plasma does not influence the coagulation time. Similarly, 
dilution of these inert mixtures does not affect the rate of coagulation. 

11. Role of the Li'pid Anticoagulant in the Second Phase of Coagulation. Throm- 
bin. Anticoagulant tissue albumin added to thi-ombin retards the coagulation 
of fibiinogen. Table 3 shows that the interaction between tissue albumin and 
thrombin is independent of the period of incubation. This inunediate loss in 
thrombin activity on addition of tissue albumin contrasts with the gradual, pro- 
gi-essive loss that results in the presence of fresh senun albumin imder similar 
conditions (9). 

As seen in table 4 the coagulation time of isolated fibiinogen-thrombin systems 
varies with the concentration of sphingomyelin, the active component of the 
tissue albumin complex. The prompt inhibition of thrombin is independent of 
the time of incubation. The amount of thrombin inactivated dous not increase 
in strict stoichiometric relation Awth the amount of sphingom 3 ’elin. The time 
interval from the beginning of transformation of fibrinogen to fibrin and com- 
plete gelification of fibrinogen gr-ows as the concentration of sphingoniA^elin is 
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increased. The graded thrombin inactivation maj' be imitated b 3 ' progressive 
dilution of the thrombin preparation vdth saline. 

As shovm in table 5, 0.8 mgm. of anticoagulant sphingoniA-elin inhibited coagu- 
lation of recalcified, citrated plasma for over 30 minutes. The same amount of 
sphingomj’-elin onb’" delaj'ed but did not prevent the transformation of fibrinogen 
to fibrin in the presence of less than half the thrombin formed from | ml. of 
plasma during a regular clotting process. Larger quantities of the lipid anti- 
coagulant, 1.0 to 5.0 mgm., likeirise delaj’^ed but did not completel}' prevent 
transformation of fibrinogen to fibrin. To obtain prolongation of fibrin forma- 
tion comparable to that effected bj’- 2.5 mgm. of the lipid anticoagulant, 300 fold 

TABLE 4 

Effect of sphingomyelin on action of thrombin 
Increasing amounts of sphingomyelin, dispersed in saline, are mixed with 0.5 ml. of 


fibrinogen 
strength) . 

solution immediately before addition of 0.2 ml. of thrombin 
Controls with saline dilutions. Coagulation times in seconds. 

solution (full 

SALINE ALONE 

^ PUEIPIED SPHINGOMYELIN IN SALINE 

0.0 ml. . . 

12-13 

0.0 mgm. in 0.0 ml. of saline 

12-13 

0.05 ml. . 

12-14 

0.1 mgm. in 0.05 ml. of saline 

13-15 

0.1 ml . . . 

12-14 

0.2 mgm. in 0.1 ml. of saline 

14-17 

0.2 ml. . . 

13-14 

0.4 mgm. in 0.2 ml. of saline 

17-18 

0.3 ml.. . 

11-12 

0.6 mgm. in 0.3 ml. of saline 

22-23 

0.4 ml. . . 

11 

0.8 mgm. in 0.4 ml. of saline 

34-41 

0.5 ml. . . 

10 

1.0 mgm. in O.o ml. of saline 

50-80 


TABLE 5 


Effect of 0.8 mgm. of purified sphingomyelin* on the coagulation tune of 


0.3 ML. or THROMBIN (FULL STRENGTH)t 

0.5 ML. OF SOLUTION OF FIBRINOGEN 

0.5 SIL. OF CITRATED PLASIIA 

0.3 HI.. OF 1.1% CaCl: solution' 

Saline alone 

Sphingomyelin in saline 

Saline alone 

j Sphingomyelin in saline 

sec. 

see. 

sec. 

sec. 

10 

34-41 

210 

1 



* Sphingomyelin was dissolved in 0.4 ml. of saline. 

t Thrombin was prepared from the plasma used in the recalcification experiment. 


dilution vdth sahne of the thrombin solution was necessaiu*. These and similar 
observations indicate that tissue anticoagulant is more effective in preventing 
formation of thrombin than in inlribiting the action of formed thrombin. 

Fibrinogen. Purified fibrinogen, incubated with the anticoagulant, clots 
readilj^ upon the addition of an excess of thrombin. This ma 3 - indicate that the 
fibrinogen-thrombin interaction remains unaffected. 

The Selective Inhibition of the Anticoagulant Activity of Sphingomyelin. Prota- 
mine. Chargaff (10) offered evidence that heparin, S 3 mthetic pob’-sulfuric acids 
and sulfurated lipid anticoagulants are inactivated b 3 ' protamine. No concentra- 
tion of protamine from 0.0025 mgm. in 1 ml. of recalcified plasma to quantities 
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that precipitated fibrinogen (11) effected complete inhibition of the anticoagulant 
action of tissue albumins. Tliis may be due to the fact that sphingomyelins do 
not fomi insoluble complexes mth protamine (12) and that the sphingomyelins 
used as anticoagulants do not contain sulfur (1). 

Bemecke salt. It is well known that Reinecke salt (ammonium-tetrathio- 
cyano-diammonochromate) in methanolic solutions precipitates sphingomyelin 
as insoluble sphingom 3 ’elin'Pv,eineckate (13, 14). This complex, it was postu- 
lated, would be inactive as an anticoagulant in the analogj’- of the protamine- 
heparin combination (10), and so it proved to be. 



Fig. 1. .'\bscissa: Reiuecke salt, in milliliter of its saturated aqueous solution, added to 
eitrated plasma. 

Ordinate; Coagulation time of recalcified plasma in minutes. One-half milliliter of cit- 
rated plasma tvas mixed with Reinecke salt prior to recalcification with 0.3 ml. of a 1.1 per 
cent CaCl; solution. Uniform total volume of the coagulating mi.xtures was maintained by 
the addition of saline. 

Reinecke salt was foimd to influence the coagulation time of noimal recalcified 
plasma: Less than 0.1 ml. of a satm’ated aqueous solution of Reinecke salt usually 
did not evoke any visible precipitation when added to 0.5 ml. of eitrated plasma. 
Tire plasma only took up the pink-red color of the salt. No other change was 
noted even when the plasma was left in contact tTith the salt for a munber of 
hours. Upon recalcification, however, coagulation followed at an accelerated 
rate. Figure 1 shows that the acceleration max’’ reach a maximum vith less than 
0.1 ml. but it should be noted that the quantity of the salt required for maximal 
action varies with each indmdual plasma sample. More than 0.1 ml. of a satu- 
rated aqueous solution of Reinecke salt added to the same quantitx’’ of eitrated 
plasma usually evoked immediate turbidity and soon afteiwards a looselj' xvoven 
fibrin net separated. Upon recalcification, coagulation did not always follow. 
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WTien it did occur, it was accelerated, but even then it was prone to be focal with 
balls of fibrin suspended in the liquid matrix. Usually coagulation did not 
follow recalcification when more than 0.2 ml. of the salt was added to 0.5 ml. of 
plasma. 

Reinecke salt alone did not interfere with the action of thrombin for citrated 
plasmas containing the salt in concentrations that did not cause precipitation 
coagulated readil}^ upon addition of thrombin. This is shovm in table 6. It 
should be noted that coagulation was effected by a weak thrombin solution in 
the same length of time irrespective of the presence of Reinecke salt in the plasma. 

"Wfiien sphingomyelin and Reinecke salt were brought together in aqueous 
solution the red color of the salt changed immediately to pink vnthout visible 


TABLE 6 

Ineffectiveness of Reinecke salt on the action of thrombin 


Reinecke salt in ml. of a satu- 







rated saline solution 


0.025 

0.05 

0.075 

0.1 

0.15 

Saline in ml 

0.1 

0.05 

0.05 




Coagulation time in seconds*.. 

40 

40 

40 

40 

40 

40 


* The coagulating systems consist of 0.5 ml. of citrated plasma and of 0.2 ml. of thrombin 
solution ( J strength) . 


TABLE 7 


Effect of Reinecke salt on the activity of the tissue anticoagulant 


Solution of a purified tissue 








anticoagulant (prot. cone. 








0.52%) in ml 


0.1 

0.1 

0.1 

0.2 

0.2 

0.2 

Reinecke salt in ml. of its satu- 








rated saline solution 




0.05 


0.05 

0.1 

Saline 

0.2 

0.1 


0.1 




Coagulation time* in seconds. . . 

165 

>1800 


160 

>1800 

182 

155 


* The coagulating sj’^stems consist of 0.5 ml. of normal, citrated plasma and 0.5 ml. of a 
1.1 per cent CaClj solution. 


precipitation. At the same time sphingomyelin lost its anticoagulant activity. 
As is shovTi in table 7 when 0.1 or 0.2 ml. of an anticoagulant tissue albumin 
solution was added to a rapidl 3 ’ coagulable plasma, on recalcification coagulation 
did not occur vntliin 30 minutes. The addition of suitable amoimts of an 
aqueous solution of Reinecke salt successfulty counteracted the anticoagulant 
action of tissue albumin. It was foimd in further experiments that when the 
salt was added to citrated plasma containing the tissue anticoagulant in suitable 
concentration prior to recalcification, coagulation took place in the same manner 
and time as it did in similar combinations without the tissue anticoagulant. 
However, when Reinecke salt was added to recalcified plasma that had not coagu- 
lated due to the presence of the tissue anticoagulant or its lipid component, 
coagulation onlji- took place after a lag period. Tiie regular occm’rence of such 
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lag period indicated that the presence of the anticoagulant interfered mth the 
formation of thrombin until Eeinecke salt "vvas added. 

Discussion. The phospholipid sphingom^’-elin is a normal constituent of 
plasma. Its concentration was estimated bj’- Thannhauser (13) to-be 15 to 35 
mgm. per cent and bj^ Ramsa}’- and Stewart (14) to be as high as 56 to 70 mgm. 
per cent. The' facts that sphingomyelin isolated from animal tissues is anti- 
coagulant and that Reinecke salt, an inhibitor of the anticoagulant action of 
sphingomyelins, accelerates the rate of coagulation of normal plasma suggest 
that the sphingomyelins of the lilood may act similarly. In the fluid blood 
sphingomyelin or a related substance may play the role of a natural thi'ombin 
inhibitor and a natural antithromboplastin. It is suggested that the removal of 
this inhibitor in the first phase of coagulation bj’- thromboplastin and Ca is neces- 
sarj'^ to activate the coagulating mechanism. 

It is not a new suggestion that the inactive thrombin precursor, prothrombin, 
is a combination of thrombin plus an inhibitor. A number of investigators 
(e.g., 15, 16) have suggested that thrombin is freed by thromboplastin and Ca 
from hypothetical inhibitors. Sphingomyelin may be such an inhibitor. 
Whether it acts directly upon thrombin or upon a proteolytic proenzjnne, 
a prerequisite for thrombin activation (17, 18, 19) can only be hj-pothesized 
at present. If sphingomyelin inliibits a proteolytic proenzjnne it would be -a 
specific example of the more general phenomenon of inhibition of proteoljdic 
enzjTnes by higher unsaturated lipids (20). 

Added thromboplastin accelerates coagulation by .speeding up the rate of 
thrombin formation (17). Added tissue anticoagulant or its lipid component 
retards or prevents coagulation by slowing down the rate of thrombin formation. 
When both are added to a coagulating mixture, the coagulation time is a function 
of the relative concentration of the two. These facts suggest that both maj^ 
have the same locus of action. How the antithromboplastic action is exerted 
is not knovm. It is possible that an inactive kephalin-Ca-sphingomyelin 
combination results. In the normal process of thrombin activation thrombo- 
plastin is actually consumed (21). Tliis fact may imply that during the normal 
coagulation process part of the thromboplastin is utilized for the inactivation 
of plasma sphingomyelin. Accordingljq combination of an excess of added 
sphingomyelin with available thromboplastin through Ca would leave the 
normal sphingomyelin of plasma available for the inhibition, of thrombin. 

SUJIMARY 

1. The addition of increasing quantities of sphingomyelin or of a sphingo- 
myelin-protein complex to citrated, recalcified plasma progressivelj’' prolongs 
coagulation time. An excess of thromboplastin annuls this anticoagulant 
action. The coagulation time of standard plasma mi.xture to which both lipid 
anticoagulant as well as thromboplastin have been added is dependent on the 
ratio of the concentrations of these two substances. Inert mixtures of the two 
maintain their eciuilibrium during the entire coagulation process. These ex- 
periments indicate that tissue anticoagulant and thromboplastin are antagonists. 
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2. Anticoagulant tissue albumin or sphingomjmlininactivatesisolated thrombin. 
The inactivation of thrombin is instantaneous and the effect does not increase 
on incubation. The amount of thrombin inactivated varies dhectly vuth the 
amount of tissue anticoagulant employed. These experiments indicate that 
'tissue anticoagulant is an antithrombin. 

3. Reinecke salt selectively inhibits the anticoagulant action of sphingomyelin. 
The inhibition is referable to a complex foinaaition. Suitable concentrations of 
Reinecke salt invariablj’- accelerate the coagulation rate of normal recalcified 
plasma. 

4. Evidence is presented in support of the assumption that the sphingom 3 "elin 
of the blood may be a natural antithromboplastin and thrombin inhibitor. 
Its removal or inactivation by thromboplastin and Ca maj’^ be the necessary first 
step for the activation of thrombin.- 
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Our knowledge of the nutritive value of the indhddual proteins, fats and carbo- 
hydrates is limited largely to observ'^ations made on natuml or synthetic diets 
■which contain varying proportions of these three main foodstuffs, and many 
minerals and 'vitamins. Under such complicated circumstances it becomes very 
difficult to compare the nutritive value of the indi\udual representatives of the 
three main foodstuffs or the effects produced by the different \ntamins on their 
utilization. 

Such comparisons can be made, however, when the experiments are so ar- 
ranged that one constantly available foodstuff, a purified carbohydrate, fat or 
protein, constitutes the sole source of nourishment (1, 2). In such “single food 
choice” experiments the animals must all start at approximately the same age 
and weight and must pre\dousl 3 ’’ have been kept on essentiallj’' the same diet. 
The length of time thej’’ live on the single food and the amoimt of acti'vit}’' that 
the}' .show, pro\dde quantitative measures of the nutritive value of the foodstuff 
under examination. 

In previous experiments the nutritive value of dextrose was studied in rats, 
using this single food choice method. Given no food rats lived only 4 da^’^s, while 
free access to a purified dextrose they lived on the average 37 days, that is, 
over nine times as long as on no food at all. Furthermore, the rats given de.x- 
trose remained ver\' active for the first 20 to 25 daj'-s. When given access to a 
0.02 per cent solution of thiamine chloride the rats on dextrose drank it freeLq 
and as a consequence lived much longer than on dextrose alone. Their sur\dval 
times averaged 7G daj's, almost twenty times as long as on no food at all and over 
twice as long as on dextrose alone. Thej' remained very active for as long as GO 
da 5 's after the start of the diet. Thus, under the simplest conditions these 
experiments demonstrated the great effect which thiamine has on the utilization 
of the carbohj’-drate dextrose. 

A comparison has now been made, using this method, of the nutritive value of 
dextrose, one of the outstandmg carboh 3 'drates, with that of casein, one of the 
outstanding proteins. 

Methods. The acti%dt 3 ' cages used for these experiments have been described 
in detail in previous communications (2, 3). Each cage consisted of a revolving 
drum, 32 cm. in diameter, a C3'clometer, and a Imng compartment wliich con- 
tained a non-spillable food cup and places for two graduated inverted water 
bottles. The large meshed bottom of the living compartment made it possible 

' Supported by a grant from the Corn Industries Research Foundation, New York City . 
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for all the feces to drop out of range. In the drums the feces also dropped out of 
reach. Thus the arrangement reduced coprophagy to a negligible rm’m'Tnnm - 

Each rat was placed in an indmdual cage during a control period when it was 
approximately 45 days of age and kept on our stock diet. After 15 to 20 days, 
when the body weight had increased to a level between 119 to 149 grams, the 
single food diet replaced the stock diet. However, only those rats were used 
which in the 15 to 20 day period on the stock diet had shovm normal growth 
cuiwes, regular 4 to 5 day estrous cycles and general good health. 

Group I (21 rats) was placed on dextrose and group II (16 rats) on casein (fat 
and water soluble vitamin-free). Group III (12 rats) and group IV (14 rats) 
were placed on dextrose and casein respectively and were given constant access 
to a 0.02 per cent solution of thiamine hydrochloride. 

Daily records were made of actmty (number of revolutions of revolving drum), 
food and water intake, and vaginal smears; and weekl3’- records were made of 
body weight. The rats were inspected at least once weeklj’’ for signs of nutri- 
tional deficienc3L 

Single food choice. Survival times. Table 1 summarizes the results. The 16 
rats on casein lived an average time of 33 da 3 ’^s, which fell short only 4 days of 
that of the 37 da 3 ’ sundval period of the 21 rats on dextrose. The sundval times 
of both groups far surpassed that of the control group of 11 rats on no food at 
all (4 days). 

When given access to the thiamine chloride solution the 14 rats of group IV on 
casein lived 55 da 3 ’-s or 66.7 per cent longer than on casein alone; while the 12 
rats of group III on dextrose lived 73 da 3 ’'S or 97.3 per cent longer than on dextrose 
alone. 

Body weight. Figm-e lA summaiizes the results produced on bod3'' Aveight of 
the four groups of rats b3' the different single food diets. The ordinates show 
bod3’' Aveight in grams; the abscissae time in da3’’S. It Avill be seen that the rats 
on casein and dextrose lost Aveight at almost the same rate during the entire 40 
da3’- period. 

Vdien gmen access to the thiamine solution the rats of groups III and IV also 
lost AA^eight at almost the same rate. After the fii’st 10-da5" period the rate of 
AA'eight loss AAns sloAA'er than that of the rats not receding thiamine. Thus the 
effects of tliiamine did not appear before the second 10-da3’" period. 

Activity. Figure IB summarizes the results. The ordinates show activity 
in number of reA’’olutions of the reA’-olA’ing dinm ; the abscissae time in da3’'s. Both 
groups of rats on casein became less active immediate^ after starting on the 
single food diet. Thiamine had practically no effect on their activit3L In 
marked contrast both groups of rats on dextrose became definitel3’' more actiA»-e. 
The rats of group I remained very active for the first twent3’- days, then shoAved 
a sharp decrease, while the rats of group III maintained a high leA^el of actmt3’ 
for 60 days. 

Food intake. Figure 2A summarizes the results. The ordinates show food 
intake in grams; the abscissae time in days. The tAvo groups of rats each on 
dextrose and on casein shoAA'ed marked differences in food intake. For the first 



348 


CURT P. RICHTER AXD KATHERINE K- RICE 


few clays on the single food diet both groups of rats on dextrose ate almost as 
much of the dextrose as they had previously eaten of the stock diet. During 
the first 10-day period their average daity food intake dropped only from 13 to 10 
grams. During the following 10-day periods the intake of the rats on dextrose 
alone decreased at a steady rapid rate, while that of the rats on thiamine de- 
creased at a much slower but equally’' constant rate. In marked contrast the 
two groups of rats on casein showed a sharp drop in food intake at once after 
starting on the single food diet. Some rats cHd not eat any of the casein on the 
first and second days. The others ate 2 to 5 grams. For the first 10-day period 
the intake of both casein-fed gi-oups remained the same. Later the intake of the 
rats on casein alone decreased at a slow rate, while the intake of the rats on 


TABLE 1 


i 

CROUP ; 

j 

DIET 

KUM- 
BEE OF 
RATS 

AVERAGE 

AGE 

AT START 

AVERAGE 
tVEIGni AT 
START 

SURVIVAL TIME 

AVERAGE 

SURVIVAL 

TIME 

i 



days 

grams 

days 

days 

I 1 

! 

Dextrose (anhy- 
drous) 

21 

64 

(56-71) 

137 

(120-149) 

28, 29, 32, 33, 33, 34, 35, 
36, 36, 36, 37, 37, 38, 
39, 39, 40, 40, 41, 42, 
42, 54 

37 

II 

Casein (Labco) 

16 

63 

(55-69) 

132 

(124-145) 

26, 26, 26, 27, 28, 28, 32, 
32, 32, 33, 33, 34, 39, 
39, 45, 46 

33 

III 

! 

Dextrose (anhy- 
drous) plus Vita- 
min Bi (0.02%) 

12 

62 

(58-66) 

139 

(130-148) 

62, 64, 65, 67, 72, 73, 74, 
75, 76, 76, 87, 87 

1 

73 

IV 

1 

Casein (Labco) 
plus Vitamin Bi | 
(0.02%) 1 

1 

14 

60 

(53-63) 

137 

(119-149) 

36, 40, 41, 42, 42, 52, 55, 
56,60,64,65,68,70,72 

55 

1 

i 

! 

1 

I No food 1 

11 

57 

(40-72) 

141 

(118-210) 

3, 4, 4, 4, 4, 4, 4, 4, 4, 5,6 

4 


thiamine remained on the same level. The rats of this group continued to eat 
about 3.5 grams per day up to the last day before they died. 

Water intake. Figure 2B summarizes the results. The ordinates give total 
fluid intake (in gi-oups III and IV — ^including water from thiamine solution) ; the 
abscissae time in days. The dextrose and casein groups of rats showed very 
different intake cuiwes. The water intake curves of the two groups of rats on 
dextrose closely paralleled one another. The 3 ' both showed a marked decrease 
from daih' averages of approximately 24 cc. for the last 10 da\^s on the stock diet 
to 12 cc. for the first 10 dai's on the single food diets. During the following 
lO-daj* periods the water intake at first decreased less rapidly, then tapered off 
to a flat level at 5.5 cc. In marked contrast the rats of the two groups on casein 
drank slightH' more during the first 10 days on the single food diet than during 
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Fig. lA. Graph showing bodj' weight curves of rats on single food choice diets. 

Group I — dextrose (21 rats). Group II — casein (16 rats). Group III — dextrose + Bi 
(12 rats). Group IV— casein + Bi (14 rats). 

Fig. IB. Graph showing average daily activity of same four groups of rats on single food 
choice diets. 



Fig. 2A. Graph showing average dailj' food intake for rats on single food choice diets. 
Group I — dextrose (21 rats). Group 11 — casein (16 rats). Group III — dextrose + Bi 
(12 rats). Group IV— casein + Bi (14 rats). 

Fig. 2B. Graph showing average daily water intake of same four groups of rats. 


the previous 10-clay period on the stock diet. Later the rats on casein alone 
decreased their water intake at a rapid and constant rate, while those on casein 
and thiamine continued to drink just as much fluid as they had on the stock diet. 
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These records show that thianmre had very different effects on the casein and 
dextrose rats. The thiamine helped to maintain the water intake of the casein 
rats at a constantly high level which closely paralleled their intake on the stock 
diet, while it had no effect Avhatsoever on the intake of the dextrose rats. 

Thiamine intake. Throughout the entire survival period, and most particu- 
larly during the last two 10-day periods, the thiamine intake of the rats on casein 
far surpassed that of the rats on dextrose. Figure 3A summarizes the results. , 
During the first 30 daj’-s the rats on dextrose daily drank only alrout 1.5 cc. of the 
thiamine solution while the rats on casein drank 8.5 cc. During the following 
two 10-day periods the rats on dextrose increased their thiamine intake onl}'- very 
slightly wliile those on casein increased theirs by almost 50 per cent. Progres- 
sively as the rats on casein increased their intake of the thiamine solution they 
decreased their intake of water. Figure 3B, which shows the thiamine intake 




Fig. 3A. Graph shon'ing average daily intake of water and of Bi solution of rats of groups 
III and IV. 

Fig. 3B. Graph showing average daily intake of thiamine hydrochloride for rats of groups 
III and IV. 

in micrograms per gram of food, brings out veiy clearly the ginat difference in 
thiamine appetite of the rats on dextrose and casein. During the 40 to 50-day 
interval on the single food diets the rats on casein ingested almost 13 times as 
much thiamine as did the mts on dextrose. The rats of both groups increased 
their intake after the middle of the surrnval period. 

Vaginal smears. ZSlone of the rats in all four groups showed more than one or 
two 4 to 5-day c 5 '^cles of coinified smears after the start of the single food diet, 
while some went into a state of diestins immediately. Later the vaginal smears 
of the rats of groups I and II showed only leukocyte and epithelial cells until the 
end with the exception of a few which showed constant cornification of the cells 
after the 30th day. The va^al smears of the rats on dextrose and thiamine 
began to show constant cornified cells after having been on the single food diet 
an average time of 56 days (range 37—72 daj's), while the smears of the rats on 
ca.sein and tliiamine .showed a constant cornification of the cells after an average 
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time of 35 (15-50) days on the single food diet. Thus the rats on casein and 
thiamine seemed to develop sjmiptoms of vitamin A deficiency sooner than the 
rats on dextrose and thiamine. None of the animals developed a keratitis or 
an}?- of the other sjnnptoms of vitamin A deficienc 3 L 

Deficiency symptoms. Apart from the cornification of the vaginal smears none 
of the rats showed an}' signs of nutritional deficiency beyond marked emaciation. 
AA^ien they died, even the rats which lived over 70 days had fine coats of hair, 
clean smooth tails, health}' normal appearing teeth. The rats on casein seemed 
to have slightly better coats of hair than those on dextrose. 

Discussion. In these experiments, in which a protein (casein) or a carbohy- 
drate (dextrose) constituted the sole source of nourishment, the rats ate about 
one-third as much of the protein as of the carbohyebate. On the basis of results 
of our previous self-selection studies it may be assumed that when kept under 
these conditions of qualitative starvation the rats ate just as much of each sub- 
stance as they were able to utilize. From vaiious single food choice experiments 
it is known that rats have very little or no appetite for proteins such as gelatin or 
lactalbumin, which show a deficiency of some of the essential amino acids (4). 
Rose has shown that addition of the lacking amino acids to a deficient diet in- 
creases the daily food intake (5). It would thus seem likely that had we offered 
the rats a more complete protein, or casein supplemented with tryptophane and 
cystiue, the protem appetite might have been increased. 

Of special interest is the fact that despite the much lower food intake the rats 
lived almost as long on casein as on dextrose. One obvious explanation may be 
that the rats on dextrose used up most of their energy in running activity. Fur- 
ther, it is possible that with the addition of tr}q)tophane and cystine the casein 
rats would have lived at least as long as on dextrose. Among other possible 
limiting factors we may consider difficulties of absorption and the accumulation 
of nitrogen waste products. We have found that on casein 4 rats which were 
given access to a 0.2 per cent solution of hydrochloric acid and a 0.5 per cent 
solution of pepsin lived an average time of 43 days which would seem to be a 
significant increase in sundval time over the 33 day average. 

It is possible that the 35 to 45 day survival time may represent the maximum 
length of time that rats can live without any vitamins, particularly vdthout thi- 
amine. Experiments with supplementary choices of a variety of \dtamins, min- 
erals, and enzymes should give an answer to these questions. 

The results of the present experiments have demonstrated beyond doubt the 
importance of the role played by thiamine in the utilization not only of the 
carbohydrate dextrose, but of the protein casein. That thiamine should have so 
markedly increased the utilization of a carbohydrate agrees with the results of 
biochemical studies; that it should have such a marked effect also on utilization 
of a protein is a less expected result. It is known that about half of the casein 
is ultimately absorbed and metabolized as dextrose. The tluamine might act 
on this part of the casein. However in the present experiment the casein intake 
was so small compared to that of the dextrose that the effect of tluamine on the 
dextrose component of casein could hardly account for the 66.7 per cent increase 
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in survival time. It is also possilile that the larger amounts of- thiamine con- 
sumed lij'' the casein-fed, as compared uith the dextrose-fed, rats represents a' 
need for an acid solution rather than for the vitamin as such. 

That thiamine has an effect on the protein appetite ivas demonstrated in die- 
tary self-selection experiments in viiich rats had access to a variety of foodstuffs, 
minerals, and vitamins (6). When thej’^ ivere deprived of all components of the 
^dtamin B complex the rats ate fat, ver3'' little caiholij’-drate, and no protein. 
IWien given access to a solution of thiamine thej’- reversed their fat and carbo- 
h3'drate aiipetites and ate a small amount of protein (casein). The protein 
appetite however did not return to its normal level until solutions of riboflavin, 
nicotinic acid, pantothenic acid, and p3nidoxin had also been made available. 

According to the re.sults of the present experiments far larger amounts of thi- 
amine are needed for the utilization of casein than of dextrose, especially toward 
the end of the partial starvation. During the last 10-da3’- period the intake of 
thiamine was almost 13 times as high in the casein group as in the dextrose group. 

By their water intake the rats indicated that far larger amounts of water are 
needed for the metabolism of casein than of dextrose. The water intake of casein 
rats remained essentiall3’- the same as on the full diet in spite of a ver3^ much 
lowered food-intake. In the casein rats the higher amount of water ma3’’ be 
needed to eliminate the gi'eater amoimt of nitrogen waste products. 

The lack of an3’- signs of dietaiy deficiencies, except possibl3' for a vitamin A 
deficienc3’-, requires special comment. Even at the end of 50 to 60 da3^s on the 
single food casein diet there was no loss of liah, no dermatitis, the coat was in 
excellent shape. The onl3^ change was the marked loss of weight, whereas on a 
full diet which lacks onl3' one substance, for instance vitamin A, marked defi- 
ciency s3TOptoms often appear in 10-15 da3^s. The failure of an3" deftcienc3- to 
develop in the single food diets must have been due at least in part to the lowered 
caloric intake. In the single food experiments the rats were able to adjust their 
caloric intake closel3'' to their needs, while in the experiments in which the3’' have 
to eat a full diet and are not allowed to regulate their intake of an3’' individual 
substance the rats have to take substances which ma.3’' actual^' be harmful to 
them. This brings further evidence for the ^dew that dietaiy deficiencies are 
often due not to a lack of calories in the diet, but to an excess. 

SUMMARY 

1. Sixteen rats which had access to onl3' one foodstuff, casein and water, 
survived on the a^'erage 33 da3^s wliile 21 rats on dextrose and water sundved 37 
da3's. The rats on casein and dexti'ose lost weight at almost exactb’’ the same 
rate. 

2. The rats on casein immediate^' became veiy inactive while the rats on dex- 
trose became even more active than on a stock diet, at least for the first 20 days. 

3. The casein rats ate onl3' approximateh’’ one-third as much food as the rats 
on dextrose. Their food intake tended to remain the same from the first to the 
last da3's on the single food diet while the food intake of the dextrose rats started 
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at a liigher level, approximately as high as that of the stock diet and then gradu- 
ally decreased to a much lower level- 

4. The 4 to 5 day estrous cj’’cles disappeared almost at once after the start of 
the experhnental diets and did not reappear again. 

5. When given access to tliiamine hydrochloride 14 rats on casein survived 55 
days, that is 22 da 5 ^s or 66.7 per cent longer than on casein alone, wlrile 12 rats on 
dextrose and thiamme hydrochloride lived 73 daj^s, or 97.3 per cent longer than 
on dextrose alone. The results of these expeiinients thus showed under the 
simplest conditions that thiamine plays an important part in the utilization of 
protein as well as of carbohydi'ate. 

6. The thiamine had no effect on activity of the casein rats. The rats became 
less active at once. The rats on dextrose became more active and remained 
active as long as 60 to 70 days on the diet. 

7. The only dietary deficiency which the rats showed was the appearance of 
constant comification of the vaginal smears after 50 to 60 days on the diet. 
Otherndse, the rats appeared to be in excellent shape, except, of course, for the 
emaciation. 

8. By their greatly increased Avater intake the rats on casein mdicated that 
much more Avater is needed for the utilization of protein than of carbohydrate. 
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The production of an anemia in animals by feeding an exclusive diet of cow’s 
milk has been a valuable technique in extending knowledge of the ph3’3iolog5’' 
of iron and copper in the animal bod 3 ^ Schultze (1940) in his review of metallic 
elements and blood formation has focused attention on one neglected phase of 
such studies when he stated, “The scarcit}"" of detailed hematological studies 
on an anemia which can be so well controlled is rather surprising”. 

Foster (1931) published results of studies on a rather small number of milk 
anemic rats. His data showed that such rats had er 3 ’t.hroc 3 des smaller than 
average (microc 3 d;osis) and that the hemoglobin content of these cells was low 
(hypochromia). His statement that “the red cell counts were not much lower 
in the anemic than in the normal rat” indicates he was dealing ndth a relatively 
mild form of milk anemia. Fitz-Hugh et al. (1933) studied the blood and bone 
marrow pictures of milk anemic rats and showed that the anemia was of the 
hypochromic type. A microcytosis was found in one rat. Schultze and Elve- 
hjem (1933) studied the reticulocyte response in milk anemic rats fed iron or 
copper or both. The feeding of iron alone to anemic rats produced no reticu- 
locyte response; copper produced some increase in reticulocytes but not to the 
extent that iron and copper together produced. Hamilton et al. (1933) pub- 
lished observations on milk anemia in ymung pigs. These authors foirnd that 
milk anemia in pigs is hypochromic and normocytic. Dacie (1940) has shovm 
that iron deficiency in the rat leads to an increase in the fragility of the red cells. 

The present study reports in more detail the effects of milk anemia on the 
blood picture of the rat and, in addition, the effects brought about by>’ the feeding 
of iron or copper to milk anemic rats. 

Methods. Young rats of our colony were made anemic by feeding them an 
exclusive diet of milk according to the technique of Elvehjem and Kemmerer 
(1931). The milk was secured from the imiversity herd and milked directly 
into pyTex glass jars. Iron and copper supplements, when fed, were mixed with 
a small amount of milk in pynex custard cups in the morning, and after this was 
consumed, milk was fed ad lib the remainder of the day% Blood samples from 
the rats were taken by clipping the tail at bi-weekly intervals until the hemo- 
globin chopped to about 3 to 5 grams per 100 ml. of blood at which time 1 ml. 
of blood was taken by' heart puncture, mixed with heparin to prevent coagula- 
tion and subjected to the following determinations: hemoglobin, red cell count, 
red cell volume, and reticulocyte count. In addition, blood smears were made 
for microscopic study. Hemoglobin was determined as oxyhemoglobin accord- 
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ing to tlie technique of Sanford and Sheard (1930) mtli the exception that the 
transmittance of the diluted blood ’Avas determined ndth a Beclonan qum-tz 
spectrophotometer at a Avai-elength of 540 mu. A standard curve of trans- 
mittance A^s. hemoglobin concentration aa^s prepared using several blood samples 
in AA'hich the hemoglobin A\*as determined by iron analysis (Saywell and Cunning- 
ham, 1937) . Erythrocjde counts Avere made in the usual manner using a Spencer 
bright-line hemocytometer and Trenner automatic pipettes. Tire red cell 
volume (centrifuge hematocrit) Avas determined in a modified centrifuge tube 
described by Smith (1944). The number of reticulocytes per 1000 erythrocjdes 
AA^as counted in a AA’et blood smear stained AAath 1 per cent of brilliant cresyl 
blue in physiological saline solution. All determinations Avere run in duplicate. 
The pipettes calibrated to contain 0.1 ml. and the hematocrit tubes AA^ere carefully 
recahbrated AAith mercury. The blood smears Avere stained AAith Wright’s solu- 
tion and studied under an oil immersion objective. 

Rats, hereafter referred to as milk anemic rats, AA'ere those animals AA-hich 
subsisted on a diet of coav’s milk onlj’’. The rats AA'hich are referred to as iron-fed 
are those AA^iich deAmloped a severe anemia on an exclusive diet of milk and Avere 
then supplemented AAath 0.5 mgm. of pure iron per rat per day. This iron aa^s 
derhmd from iron carbonjd and AA'as found to be spectroscopically free of copper. 
As is shoAvn later, this iron proved fine of copper AA^ien tested on anemic rats. 
The iron AA-as dissolved in a minimum amount of redistilled hj'^di’ochloric acid, 
oxidized to the ferric state AAith redistilled nitric acid, and made to Amlume AAith 
redistilled AA'ater. A good supply of carbonyl iron Avas given to us by Dr. Oskar 
Baudiscli, but in the meantime AA^e haA'e located a commercial source of carbonji 
iron (General Aniline Works, Grasselli, NeAV Jersey) AAiiich has also proven to be 
free of copper. In the majority of cases, there Avas no significant hemoglobin 
response in the anemic rats folloAAing iron supplementation, in AAiiich case a 
blood sample Avas taken after four to six AA-eeks for the various determinations. 
In tAAm rats (nos. 7 and 8 in table 1), there AA^as a significant increase in hemo- 
globin folloAAing the feeding of iron, but the initial rise AA^as folloAA^ed bj'- a gradual 
decrease, and a blood sample Avas taken for study after sixteen and tAveh* e Aveeks 
of Fe supplementation, respectively. 

Tire rats designated as copper-fed AA^ere those AAiiich developed a seA^ere anemia 
on the milk diet and AA-ere then fed 0.05 mgm. of copper per rat per day. The 
source of copper aa^s electrolytic copper AA'hich Avas dissohmd in a minimal amount 
' of redistilled 1 : 1 nitric acid and made to Amlume AAith glass redistilled Avater. 
There Avas no significant rise in hemoglobin in the anemic rats fed copper, and 
blood samples Avere taken tAA'o to four AA-eeks later for study. It aaiII be recognized 
that milk anemic rats are Fe and Cu deficient; Fe-fed rats are Cu deficient, 
and Cu-fed rats are Fe deficient. The rats referred to as normal AA'ere litter 
mates of the anemic rats AAddch received our stock diet. 

Results. Tlie hemoglobin response of milk anemic rats AA-hen fed iron or 
copper is given in table 1. Tlie general lack of a hemoglobin re.sponse in the 
Fe-fed anemic rats is interpreted as meaning that the Fe used AA'as free of Cu. 
The significant hemoglobin response obtained in tAA'o of the rats probably means 
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, •« 
that these rats possessed a small store of copper which m the presence of iron 
permitted some regeneration of hemoglobin and that after this source of copper 
was depleted the hemoglobin decreased in spite of continued iron supplementa- 
tion. Other e\ddence that the iron used here is free of copper comes from some 
unpublished data in wliich rats weaned from stock dams were fed milk supple- 
mented Math 0.5 mgm. of the Fe per rat per daja These rats Avere imable to 

% 

TABLE 1 


The hemoglobin response of milk anemic rats when fed iron or copper 


IRON (0.5 lIGSr./DAV) 

COPPER (0.05 MCM./daY) 

Rat 

Hemoglobin (gms./lOO ml. blood) 

1 

Rat 

Hemoglobin (gms./lOO ml. blood) 

Initial 

2 wks. 

4 vks. 

6 wks. 

Initial 

2 wks. 

4 wks. 

1 

3.4 

4.4 

4.9 

3.2 

13 

4.2 

3.0 

2.9 

2 

3.0 

2.2 

2.3 


14 

3.8 

3.0 

3.0 

3 

3.0 

3.4 

3.1 


15 

5.3 

4.4 

3.3 

4 

3.4 

3.3 

2.1 


IG 

3.9 

2.7 

2.5 

5 

3.7 

3.5 

2.G 


17 

2.9 

4.4 

4.4 

G 

4.0 

4.1 

3.8 


i 18 

2.7 

5.0 

4.6 

7 

2.9 


5.8 

6.7* 

19 

1 2.7 

2.1 

2.1 

S 

2.9 


7.9 

7.0t 

20 

3.5 

6.0 

5.1 

9 

3.1 


3.G 


21 

3.3 

3.2 


10 

2.8 


4.1 

3.0 

22 

3.3 

2.9 


11 

2.8 


3.8 






12 

2.4 

2.7 

3.3 

1 

3.8 






* Hemoglobin ro.so to 11.4 grams and then decreased to 0.7 grams in five weeks, 
t Hemoglobin rose to 10.7 grams and then decreased to 5.7 grams in two weeks. 


TABLE 2 


Summary of the blood pictures of 7iormal and anemic rats 


TREATUENT 

NO. OF 

CASES 

HEMOGLOBIN 

R.B.C. 

HEMATOCRIT 

M.C.V. 

M.c. Hb 

COKC. 

ir.c.Hb 

RETICULO- 

CYTES 

Normal 

12 

21 

12 

10 

pr.s.tWO ml. 

14.91±0.198* 

3.3G±0.223 

3.M±0.442 

3.37±0.90S 

millions per 
cmm. 

7.421±0.1434 

3.175±0.22G0 

2.770±0.3794 

4.255±0.376G 

% 

44.71±0.SG9 

11 .55±0.777 

13.51il.517 

14.5S±1.18G 

C0.5±0.35 

3C.7±0.70 

51.1±2.89 

34.G±0.97 

% 

33.3±0.32 

27.9±1.4S 

2G.8±0.CG 

23.0±0.53 

rr • 

20.2±0.31 

10.7±0.29 

I3.7±0.S3 

8.0±0.27 

% 

3.4±0.5G 

n.2±I.SG 

7.8±1.12 

23.5±2.9G 

Milk anemia 

Fe-fed 

Cu-fed 


• Average values rvith their standard errors. 


maintain a normal concentration of hemoglobin AA'hich graduall}’' fell to levels 
of severe anemia. 

A summary of the lilood picture of normal and anemic rats is given in table 
2. This includes the mean hemoglobin Amlues, red blood cell counts (R. B. C.), 
the centrifuge hematocrits, and the indices calculated from the foregoing values — 
mean red cell A'olume (M. C. V.), mean red cell hemoglobin concentration (M. 
C. HI). Cone.) and mean red cell hemoglobin content (M. C. HI).). Also in- 
cluded are the mean reticulocyte counts. The significance of mean dilTerences 
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was determined by Student’s i test. It is noted that all values of the normal 
rats are .significantly different from those of all three groups of anemic rats. 
The mean cell volume, mean cell hemoglobin concentration, and mean cell 
liemoglobin of the milk anemic rats are significantly smaller than normal. Tins 
shows that in the rat, milk anemia is of the h3^DOchromic and microcjdic tjTie 
which is in agroement with the data of Foster (1931) and the more limited data 
of Fitz-Hugh et al. (1933). When pure Fe is fed to milk anemic rats, the anemia 
remains unchanged except that the mean cell volume- increases significantly^ but 
does not become normal. The anemia still is hypochromic and microcydic but 
not so severely' microcy'tic. Tliis increase in mean cell volume is easily”- seen in 
blood smears under the microscope. 

When Cu is fed to milk anemic rats, the ty'pe of anemia does not change except 
to become more pronounced. It should be noted that when Cu is fed to milk 
anemic rats, there is a significant increase (odds 19; 1) in the number of red cells 
although the hemoglobm level does not change significantlyL Tliis is shonm 
more clearly in the mean cell hemoglobin values which are the ratio of Hb/R.B.C. 
Tlie M. C. Hb is significantly^ less (odds 99:1) than in the case of milk anemics. 
This must be due to an imcorrelated rise in the R. B. C. since the Hb has not 
changed significantlyL That Cu stimulates erydhropoiesis in milk anemic rats 
is also supported by the significant rise in the reticulocyde count. Though Cu 
fed to milk anemic rats stimulates the production of red cells, such cells remain 
poor in hemoglobin and smaller than normal in size. The stimulating effect 
of Cu on erythropoiesis in rats has pre-viously”- been observed by Stein and Le\vis 
(1933). 

The percentage of reticulocytes is significantly”- increased over normal in the 
case of all three gi'oups of anemic rats, although the increase is relatively small 
in the case of milk anemics and the milk anemics fed Fe. This is in agroement 
vath the data of Schuitze and Elvehjem (1933). 

A microscopic study”^ of the blood smears of milk anemic rats showed a pro- 
nounced microcytosis and hypochromasia. Basopliiles and poildlocytes, while 
present, Avere not numerous. In the blood smears of Fe-fed rats, microcytosis 
Avas not as pronounced as in the case of milk anemics. The hy^poclu-omasia Avas 
Amry CAudent. No change aa^s noted in the numbers of basophiles or poikilocydes. 
In the smears of Cu-fed rats, both microcytosis and hy’pochromasia AA’-ere pro- 
nounced. There was an increase in the numbers of basopliiles as compared to 
the milk anemics and the Fe-fed anemics. Todd and Sanford (1928) state that 
a reticulocyte appears as a basophile in blood smears stained Avith Wright’s 
solution. 

Griineberg (1942) has described a new red cell particularly- abundant in the 
blood of anemic flexed-tailed mice Avhich he has termed a siderocyde. Tliis 
siderocyde is an erydhrocyte containing non AA'hich is easily^ stained Aidth potassium 
ferrocyanide. We have searched for such cells particularly^' in the Fe-fed anemic 
rats but AAfith iiegatiA-e results. 

Discussion. The results presented hero as aabII as those previously published 
by Foster and Fitz-Hugh et al. show that in the rat, a deficiency”- of Fe or Cu 
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or both produces a microcytic and h3^pochromic anemia. In man, it is generall}’- 
agi-eed that a simple iron deficiencj’’ leads to an anemia of the same type. The 
authors are not aware of an}’’ published data on the blood pictme in man where 
copper alone is the limiting element. As pre\dousl3’’ mentioned, Hamilton et al. 
have stated that milk anemia in pigs is h3’'pochromic and normoc3’i;ic, a picture 
diffeiing from that of man or rat. Work is now in progress in this laboratory 
vith the rabbit. 

As far as hemoglobin S3Tithesis is concerned, it has been generalW h3’’pothesized 
that copper acts merely to catal3’’ze the introduction of iron into hemoglobin, 
but here as well as in the paper of Stein and Levis, another role of copper is 
indicated, nameb’’, the stimulation of er3dhropoiesis and/or stimulation of the 
release of er3’tliroc3'tes from the bone marrow. 

Some microscopic studies have been made of the bone marrows of iron and 
i ‘ copper deficienc3’’ anemic rats, but the results are felt to be too preliminary to be 
presented here. 


SUMIMAIIY 

A deficienc3’’ of iron or copper or both produces an anemia in the rat that 
morphologicall3’- is classified as microc3dic and h3’pochromie. The feeding of 
pure iron to milk anemic rats leads to a significant increase in the mean cell 
volume which, however, still remains less than normal. The feeding of copper 
to milk anemic rats produced a rise in the er3d;hroc3’'te coimt which was not 
accompanied b3'' an increase in hemoglobin. 
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Experimental production of fatal hemorrhagic ■vdtamin IC deficiency in other- 
wise normal mammals has not pre\iousl 3 ’' been reported, although severe bleeding 
tendencies have followed hgation of the common bile duct or the production of 
a biiiar\^ fistula (1). Moderate reduction in blood prothrombin has resulted 
from dietary lack or faulty absorption of the litarain, but such deficienc 3 ^ has 
not been severe enough to cause spontaneous hemorrhage and death. This 
ability to suinive on K-free- diets has been attributed to s 3 mthesis of the vitamin 
133 '- intestinal bacteria ( 2 ), liut onh’- moderate prothrombin deficienc 3 ’- has follow’ed 
the administration of sulfaguanidine to inhibit bacterial gr'owdh in the intestines 
of yormg rats fed on K-free diets (3). 

During the past few 3 ^ears of nutritional stud 3 ’' on rats, we have at no time 
added -ritamin K to the diet mixtures. Hemorrhagic states rarely developed 
in rats of an 3 ’’ age so long as they were kept at moderatety cool temperatures. 
In tropical moist heat, hov'ever, there w^as a troublesome incidence of fatal 
internal hemorrhages, — iiut onl 3 ’- among older rats. Studies in wiiich -weanling 
rats on S 3 Tithetic diets were observed for 4 to 7 -weeks were never complicated 
by this trouble, nor did hemorrhages occur in older hot room rats fed on Purina 
chow*. 

Our attention was forcibU'- dra-^m to this hot room hemorrhagic tendency 
-s\-hen a large series of 300-gi’am rats were suddenty shifted from Puiina chow 
to a K-free synthetic diet and at the same time placed in tropical moist heat. 
Tliis wns done late in Jul 3 ’-, -alien the rats had already expezienced several -a-eeks 
of Cincinnati heat in the un-conditioned animal quarters. During the third 
week after the dietar 3 ^ change, 13 out of 32 rats in the hot room died of internal 
hemorrhage. Addition of Adtamin K(2-meth3d-l,4-napthoquinone, 5 mgm./ 
kgm.) to the synthetic diet promptty stopped the hemorrhagic tendenc 3 '- and 
prevented its further appearance in new'- replacements to the hot room group. 
Among the rats of an analogous group placed at 68 °F., only 2 hemorrhagic deaths 
occurred before fortification of the diet with the ■\itamin. 

During the cooler weather of October, another series of 300-gi’am rats were 
transferred from the im-conditioned quarters to the hot and cold rooms. The 3 ’‘ 
were left on Pmina chow for three weeks and were then shifted to S 3 Tithetic 
diets containing 0, 1, and 2 mgm. of vitamin K per kilo of food. Hemonhages 
occurred early in the third week only in the groups getting no -vitamin K (3 out 
of 15 in the h ot room and 1 out of 15 in the cold) . B 3 ’ the beginning of the fourth 

iThe Aitamin K used in these studies was very kindly supplied by the Research Labors, 
tories of S.M.A. Corporation and the haliver oil by the Abbott Laboratories. 

'^Vitamin K has been abbreviated to K in speaking of Iv-fi‘ee diets, K-deficiency, etc. 
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week, on the diets, blood coagulability was found to be almost normal, even in 
the rats on K-free diets. 

We next added 0.5 per cent sulfaguanidine to the sjmthetic diet mixtures and 
repeated the previous series, allowing 3 weeks for adaptation to the heat and 
cold (on 'Purina chow) before changing to the sjmthetic diets. Hemorrhages 


TABLE 1 


Blood clotting time with rats on graded K-deficiency 


(Diets* contained 0.5 per cent sulfaguanidine) 



EATS KEPT AT 68°F. 

AT 90-91 AKD 60-70%RH 

VlTAiirX K. IK POOD (UGU./ 
KGir.) 

1 0.0 

0.3 

0.6 

1.2 

0.0 

0.3 

0.6 

1.2 




sec. 

sec. 

sec. 

sec. 

min. 1 

sec. 1 

sec. 

sec. 

After 9 days on diets 

175.00 


129.00 

97.00 

5.50 j 


97.00 

IZ.lo 


i23.85 


±10.79 

±4.95 

±1.25 i 


±3.94 

±1.62 

After 16 daj's on diets 

245.42 

79.00 

66.88 

70.00 

28.65 

172.14 

85.91 

73.33 


j±59.90 ' 

±3.05 

±2.90 


±7.12 

±13.78 

±3.10 

±3.66 

After 23 days on diets 

1 138.57 i 

77.00 

68.50 


8.00 

99.55 

76.91 

76.67 


±13.92 1 

±2.20 

±2.46 


±2.59 

±4.58 

±1.78 

±5.35 

.4fter 30 days on diets 

65.00 

71.67 

67.50 


2.04 

91.67 

' 72.78 

78.33 


±1.21 

1 ' 

±1.95 

±1.71 

1 


±0.15 

±3.64 

i±2.2S 

±4.49 

Hemorrhagic deaths 

12^% i 

0 

0 

1 

0 

50% 

0 

[ ^ 


0 


* Synthetic diets contained: 

Sucrose 

Casein (vit. free) 

Com oil 

Salt mi.xture 

Sulfaguanidine 

Haliver oil 

Thiamine chloride 

cold room 

hot room 

Riboflavin 

Pyridoxine 

Calcium pantothenate 

Nicotinic acid 

Inositol 

p-aminobenzoic acid. . 
Choline chloride 

cold room 

hot room 

a-tocopherol 


76 gm./lOO gm. 

18 gm./lOO gm. 

2 gm./lOO gm. 

4 gm./lOO gm. 

0.5 gm./lOO gm. 
1.2 cc./lOOO gm. 

1.5 mgm./lOOO gm 

2.5 mgm./lOOO gm, 
4 mgm./lOOO gm. 

4 mgm./lOOO gm. 

6 mgm./lOOO gm. 

25 mgm./lOOO gm. 

1 gm./lOOO gm. 

0.3 gm./lOOO gm. 

0.75 gm./lOOO gm. 

5 gm./lOOO gm. 

50 mgm./lOOO gm. 


occun'ed onlj’' in the gi’oups of this series on Iv-free diets. Tliirteen out of 26 
hot room rats were so affected (50 per cent) but only 3 out of 24 in the cold 
(12-2' per cent). The hemorrhagic crisis came early in the third week, 1 rat djnng 
of hemorrhage on the 13th day, 7 on the 15th, 5 on the 16th, 2 on the 17th and 
1 on the 24th daj'. 

Table 1 shows the mean clotting time values of fresh whole blood obtained 
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from rats of the various groups of tliis sulfaguanidine series by cardiac puncture 
under light ether anesthesia. x4fter nine daj^ on the diets, the rats receiving 
no \dtaniin K showed a marked prolongation of the clotting time (greater in the 
heat than in the cold), while those on 0.6 mgni./kgm. ediibited onh^ a moderate 
retardation of clotting. After 16 daj^s on the diets, all hot room rats getting no 
vitamin K showed a marked delay in clotting, 20 per cent of them producmg 
only a very weak clot in 24 hours; about a third of the analogous cold room group 
exliilDited a normal clotting time. With 0.3 mgm. of the vitamin jDer Idlogram 
of diet, the cold room rats manifested only a verj’- slight clotting delaj’’, much 
less than was shovui by the analogous hot room group. Clotting times were 
normal on the 16th day A\Tth 0.6 mgm./kgm. in the cold and 1.2 mgm./kgm. 
in the heat. 

Clotting tests made after 23 days on the diets showed a marked dela 3 " still 
in effect among the hot room rats on K-free diets, but onlj’- a moderate dela}*- 
among the analogous cold room rats or those on 0.3 mgm./kgm. in the heat. 
Normal clotting times were shovm by those on 0.3 mgm./kgm. in the cold and 
0.6 mgm./kgm. in the heat. After 30 daj^s on the diets, all cold room rats 
showed normal clotting times while thei’e was still moderate dela.v in the hot 
room rats on K-free diets and a slight delaj’- with 0.3 mgm./kgm. 

Hemorrhages in the K-deficient rats seemed especiallj’- prone to occur in 2 
general regions: a, in the seminal vesicles, around the bladder, or along the venous 
plexus draining the testicle, and b, aroimd the superior mesenteric vein in the 
upper abdomen. There were 16 hemorrhages in the former general region and 
5 in the latter. One rat had a hemorrhage extending from the lower jaw dovm 
into the thorax behind the right pleura, and another showed subcutaneous 
hemorrhage in the right rear foot as well as external bleeding from one toe. 
No explanation is offered for this limited distiibiition of the fatal hemorrhages, 
nor were anj’’ similar studies made on female animals. 

Discussion. It seems clearlj’- evident that complete K deficiency in adult 
rats assumes a much gi-eater severit}'’ in tropical heat than in temperate coolness. 
The hemorrhagic death rate is roughty 4 times higher in the heat and the retarda- 
tion of clotting uniformh’- greater. Twice as great a dietaiy content of the 
\itamin is needed to secure normal clotting in the heat. This does not mean 
that the absolute K requirement is twice as high in the heat, for these rats eat 
onlj’- about 70 per cent as much food per daj'' as is consumed bj^ those in the cold. 
It does indicate, however, that the K requirement per gram of food is twice as 
high in the heat as in the cold. 

Our findings suggest a convenient method of producing severe K deficiencj^ 
in mammals, with a liigh death rate from internal hemorxiiage. Tliis had been 
accomplished pre^ioush' onlj^ bj^ surgical interference with biliarj^ drainage into 
the intestine. As little as 0.3 mgm. of the \itamin per kilogram of food protects . 
rats against hemorrhage and death in either heat or cold,- even when the diet 
includes 0.5 per cent sulfaguanidine. Complete prevention of prothrombin 
deficiencj^ seems to require about 1 mgm./kgm. 

We have no explanation to offer for the rapid disappearance of the prothrombin 
deficiencj- while the rats are still maintained on the K-deficient diet containing 
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' 0.5 per cent sulfaguanidine. Although it may well he that the K-producing 
bacteria in the intestine become adapted to the sulfaguanidine and return to 
normal activity, om' studies were not expanded to cover this point. 

Blood taken from the heart of rats prostrated by internal hemorrhage was 
foimd^’to contain even more than the normal amount of fibrinogen and to exert 
no inhibitor^’- influence on the clotting of normal blood. Our findings thus 
confirm the conclusions of others (4) that the only abnormality is a prothrombin 
deficiency. 

Iso explanation can j^et be offered for the greater severity of K deficiency 
in animals adapted to tropical heat, although it is possible that the heat in some 
way di.sturbs the production of the vitamin by the intestinal bacteria. Statistics 
on the most clear-cut human K deficiency (hemorrhagic disease of the newborn) 
indicate a much higher prevalence in the states bordering the Gulf of Mexico 
than in those of the North. In a recent limited surv-ey of hospital statistics, 
we found an incidence of 0.6 per 1000 among some 25,000 infants delivered in 
Cincinnati hospitals and 2.8 per 1000 among 78,000 live-births in hospitals of 
New Orleans, Houston and Galveston. Perhaps when proper search is made, 
K deficiency will be found rather widely prevalent among tropical residents. 

SUMMARY AND CONCLUSIONS 

Severe and higlily fatal vitamin K deficiencj’’ can be produced in rats adapted 
to tropical heat by using K-free .S5'nthetic diets containing 0.5 per cent sulfa- 
guanidine. 

This deficiency is most severe and fatal earl}'' in the third week of such feeding 
and disappears almost entirely by the fifth week. 

Animals adapted to tropical heat seem definitely more prone to severe mani- 
festations of K deficiency than do those kept in temperate coolness, and the K 
requirement per gram of food is twice as high for rats in the heat as for those 
in the cold. 

A preliminaiy survey of hospital statistics on bleeding in the new-born shows 
this type of human K deficiency to be 4 times more prevalent among infants 
born in the Gulf States than among the northern-born. 

Fatal hemonhages in male rats on K-free diets are especially prone to occur 
in the genital system and around the superior mesenteric vein. 
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An estimation of the mass of red blood cells in the circulation is frequentl}’- 
necessary in experimental work. Studies related to the excretion of bilirubin, 
urobilinogen and other materials derived from red cell metabolism are often 
meaningless unless the actual amount of source material giving rise to these end 
products can be evaluated. It is also sometimes desirable to be able to deter- 
mine the total circulating amount of certain constituents of the red cell. In 
such instances it is necessaiy to know not only the concentration of the con- 
stituents but also the mass of cells in the blood ^stream. The latter determina- 
tion hy direct methods is ordinarily inexpedient since it involves one of several 
somewhat involved techniques. The estimation of the cell mass indirectly b3’' 
measurement of the plasma volume vith one of the d3’-e dilution methods followed 
by application of plasmatocrit values for conversion to blood volume, followed b3’' 
subtraction of the determined plasma Amlume as a means of arriving at a value 
for red cell mass is not onU’' almost as time consuming as the direct methods 
but it yields incorrectly liigh values (1). 

Elsewhere we have reported A^alues for red cell mass which were obtained 
b3'' a modification of the Welcker viviperfusion method which affords a direct and 
accurate method for determining the tme cell mass but involves sacrifice of the 
animal. It was found that when these values obtained from the perfusion of 
fifteen animals var3dng in weight from four to eighteen kilograms were plotted 
against bod3^ weight a fairl3’- representative straight line could be draum through 
them b3^ the method of least squares. These values were corrected to an arbi- 
traiy normal value corresponding to a red cell hematocrit reading of 45 per cent 
b3’- the assumption that the hematocrit value was a linear function of the red 
cell mass (2). It was then possible to replot the cell volumes as a function of the 
jugular hematocrit making tins same assumption. The results are shown in 
figure 1 below which is constructed to show the red cell mass corresponding to 
various weights of dogs at increments of 1 Idlogram and at hematocrit levels 
ranging from 10 per cent to 55 per cent. 

The validit3* of this chart was tested b3'' comparing the red cell volumes 
obtained b3^ its use with those arrived at directl3’’ for the same animals using the 
isotope-tagged donor cell method reported earlier (1). In general the agi’eement 
was within ten per-cent or better and it would seem that the use of such a simple 
chart might be justified for man3’- t3qDes of work in which a high degi-ee of ac- 
curacy is not required. In an3' case the results obtained Iw"- its use w'ould be 
much closer to the true values than those obtained indirecth' b3^ the d3"e tech- 
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nique for plasma volume which involves the false assumption that the Jugular 
hematocrit value is representative of the average bod}^ hematocrit relationship. 

The dogs on which the curves gixdng rise to this chart were based were all 
normal or chronically anemic animals, in the latter instances there being suffi- 
cient time allowed to elapse before perfusion for equilibration of the cell-plasma 
fractions to have taken place. Obviouslj' such a chart cannot be used to deter- 
mine the red cell mass under conditions where the circulation is not adjusted to 
the needs of the animal such as might obtain folloning acute hemorrhage or 
under conditions of shock, inanition, dehj’^dration, cardiac failure, etc. 



RED CELL MASS ML. 

Fig. 1. Follow the con.stant weight line corresponding to the dog’s body weight in kilo- 
grams towardthe origin until it intersects .a horizontal line corresponding to the hematocrit 
reading and then read directh' below on the abscissa the red cell mass in milliliters. For 
example, a 15 kgm. dog with a hematocrit value of 33 per cent would have a red cell mass 
of 300 ml. 

SU.MMARY 

.4. chart is presented which allows the rapid estimation of the red cell mass of 
dogs, given the bodt' weight and the red cell t'enous hematocrit value. At an 
arbitrary normal hematocrit value of 45 per cent the dog has about 27 ml. of 
red cells per kilogram of body weight. 
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The piu-pose of the present communication is to report the effect of purified 
rations on the morphology of deciduomata in the pseudopregnant rat. Deciduo- 
mata were produced in pseudopregnant rats raised to maturity on a purified ra- 
tion adequate for growth and r^roduction and compared morphologically to 
those obseiwed in littermate controls similarly treated but m.aintained on a 
natural food ration. 

Procedure and results. Twelve female rats weighing 30 to 35 grams were 
weaned at 21 Rays of age and placed on the f ollonfing purified ration^ : sucrose 
73.2, Vitamin Test Casein- 22, 1( — ) cystine 0.3, and Sure’s Salt Mixture no. P 
4.5. To each kilogram of the above were added 20 mgm. thiamine hydrochloride, 
20 mgm. riboflavin, 20 mgm. pjaidoxine hydrochloride, 100 mgm. calcium 
pantothenate, 100 mgm. nicotinic acid, 200 mgm. p-aminobenzoic acid, 500 
mgm. inositol, 1200 mgm. choline chloiide, and 5 mgm. 2-methyl-napthaquinone. 
Dailj’^ supplements of 800 mgm. com oil (Mazola), 0.5 mgm. alpha-tocopherol, 
and an A-D concentrate^ equivalent to 50 U.S.P. units of vitamin A and 5 
U.S.P. units of vitamin D were also administered. Animals were kept in metal 
cages mth screen bottoms to prevent access to feces; and suflicient food was 
administered to assure ad lib feeding. In addition to the above 10 littermate 
controls were placed at weaning on a natural food ration supplemented once 
weekly vdth lettuce. 

At four months of age animals shovdng fully cornified vaginal smears were 
selected on the first day of an experiment. The cervix uteri of each rat was 
stimulated for 1 or 2 seconds by an alternating current of 60 volts. Four days 
after the cervical stimulus was applied the endometrium of the .right uterine 
horn was traumatized by inserting a silk thread for a distance of 1 or 2 cm. 
through the uterine lumen. Animals were autopsied four days post traiunatiza- 
tion, the uteri fixed in Benin’s solution, and sections prepared stained with 
hematoxylin and eosin®. 

^ Growth and reproduction of female rats raised to maturity on this ration were not 
inferior to those observed in littermate controls maintained on a natural food ration. 
Mothers failed however to suckle their young. 

- S.M.A. Corporation, Chagrin Falls, Ohio. 

= Sure, Barnett. J. Nutrition 22: 499, 1941. 

Nopco Fish Oil Concentrate, assaying 800,000 U.S.P. units vitamin A and 80,000 U.S.P. 
units vitamin D per gram. 

® We wish to express our sincere appreciation to Dr. B. M. Allen of the University of 
California at Los Angeles for making available material and equipment for histological 
studies. 
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All animals exhibited well developed deciduomata at the site of traumatiza- 
tion but a distinct difference was observed between the two groups in 
the morphology of these structures. In the natural food scries a single stimulus 
along several centimeters of the uterine hmien resulted in the development of 
several distinct deciduomata corresponding grossly to fetal sites of a similar 
stage of pregnancy. A similar stimulus to animals on the purified ration resulted 
however in diffuse deciduomata frequently extending as a single homogeneous 
swelling from cervix to oviduct. In no instance on the purified ration was the 
decidual tumor as restricted and circumscribed as that observed in animals on a 
natural food ration. Histologically no marked differences were obseiwed in, cross 
section in the morphologj'’ of deciduomata in either of the dietary groups. The 
proportion of mesometrial to antimesometrial stroma cells which Ptothchild, 
Mej'er and Spielman (1) believe to be indicative of the relative amounts of 
estrone and progesterone present were uniform throughout. The uterine hunen 
was invariably found in a central position; its epithelium when surviving was 
low cuboidal but in fully half the cases the surface epithelium of the lumen was 
lacking and marked extravasation into the hunen had taken place. In contrast 
to the localized and circumscribed swellings of the natural food series, deciduo- 
mata in the purified series constituted a homogeneous structure retaining its 
microscopic characteristics relativelj'" unchanged through its entire length. No 
spontaneous deciduomata were olDserved in the untraumatized horn of anj' of 
the rats regardless of the dietary regimen. 

Attempts to prevent diffuseness of decidual response by means of a single 
dietary supplement have been unsuccessful. SLx litter mates of the above 
series were placed at weaning on a diet identical to the purified ration above. 
On the day of ceiwical stimulation wheat germ oiP was substituted for the com 
oil of the ration. Deciduomata produced on this ration were as diffuse as those 
observed in animals receiving corn oil throughout. In another series six female 
rats were placed at weaning on a purified diet similar to the above but with the 
crystalline vitamins omitted and vith brewer’s yeast replacing sucrose as ten 
per cent of the ration. Deciduomata produced in this series under similar 
conditions to the above were equally diffuse. 

Diffuse deciduomata were fir.st described by Evans (2) as occurring in pseudo- 
pregnant rats maintained on a vitamin E-deficient diet. Unpublished work bj'' 
the author (3) indicates howe'cer that this condition was not due to deficiency of 
vitamin E inasmuch as administration of alpha-tocopherol failed to prevent 
diffuseness of deciduomata foimed on a vitamin E-low diet. In the present 
series wheat germ oil was similarlj'^ ineffective. It would appear that some 
dietary factor(s) other than that employed in the purified rations above, present 
in a natural food ration but absent in significant quantity in wheat germ oil 
and i'east, is necessaiy for restricting the growth of deciduomal tumors in the rat. 

SU-MMARY 

Traumatization of the endometrium of pseudopregnant rats raised to maturity 
on a purified ration resulted in the formation of diffuse deciduomata in contrast 

® Yiobin Corporation, Monticello, Illinois. 
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to the circumscribed growths in animals similarly treated but maintained on a 
natural food ration. Addition of wheat germ oil or brewer’s 3'east failed to 
prevent dihuseness of deciduomal response. It is suggested that some dietary 
factor (s) present m natural food but absent in the purified rations emploj’ed is 
necessary for restricting the growth of deciduomal tumors in the rat. 
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In studies of the intermediary metabolism of galactose the presence of a 
simultaneous galactosuria has been an obstacle to the interpretation of several 
experimental results (Deuel, 1936). In order to avoid this obstacle investigators 
have either used an animal species vith lddne3'S slightlj' permeable to galactose 
or resorted to a nephrectomized animal. The results of these procedures, how- 
ever, cannot be immediatelj'^ extended either to other animal species or to the 
intact animal. 

There is need, therefore, for a method of calculating 1 , the amount of galactose 
present in the bod\" at any given time during the experiment, and 2, the rate at 
which galactose is removed from the plasma bj’^ processes other than excretion. 
The first depends on the existence of a volume of distribution, that is, a fixed 
volume of bod}'- fluids wliich hold galactose in equilibrium -vrith-the plasma 
(Dominguez, 1934). The second requires an anaRsis of the changes in the 
concentration of galactose in the plasma. Such an analysis incidentalh^ deter- 
mines the volume of distribution. 

In general, the equation of the rate of change of the concentration in the plasma 
is quite complex, for it contains both the rate at which the substance enters the 
plasma and the rate at Avhich the substance leaves the plasma. This complex 
situation can be simplified bj’- injecting the substance as rapidlj’- as possible into 
the vein. Under these conditions, both the time taken b.y the injection and the 
phenomena occuning in this inteiwal can be neglected. The change in the 
concentration of the substance in the plasma will then reduce simpl}’- to a fall in 
concentration, and the equation of the rate of fall in concentration will contain 
onh' the rates of the processes that produce this fall. 

In the particular ca* > of galactose tljis fall in concentration is brought about by 
1, diffusion from the plasma into other bodj"- fluids; 2, excretion, and 3, chemical 
transfoiTnation. Diffusion, a pureR physical phenomenon, needs no special 
comment. In regard to excretion, onl}’- renal excretion need be considered 
because galactose is not excreted in significant amounts bj’ channels other than 
the kidne}’^. As to the chemical transformation, whether oxidation, polyuneriza- 
tion, direct conversion into glucose, etc., onR the rate of the first step of this 
transformation is required. This rate, that is, the rate at which galactose is 
removed from the plasma b}' or for conversion, will be referred to as the rate of 
utilization. 

It is the purpose of this paper to analj^ze the fall in the concentration of 
galactose in the plasma into its different components and, from data on both 
excretion and plasma concentration, todetennine the volume of distribution, the 
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rate of utilization, and the relation of the rates of excretion and utilization to the 
plasma concentration. 

. It is hoped that the results of this stud3’- will be of use to im’-estigators of 
galactose metabolism, h'loi’eover, because of the generality of the reasoning 
on which the analj-sis of the plasma curve is based, the method given here is 
expected to be applicable to other substances and to other processes. 

Experimental procedure. The experiments were carried out in five female 
mongrel dogs weighing from 11.4 to 22.7 kgm. The routine diet of these dogs 
consisted of Purina Dog Chow and occasional bones. No food was given to the 
animals the day before the experiment and during the experiment. In order to 
ensure adequate diuresis, water was available to them at all times and, in most 
instances, was given bj'' stomach tube during the experiment. 

A weighed amount of d-galactose (C. P., Pfanstiehl), vaiying between 3.56 
and 65.46 grams, was dissolved in freshly distilled water and the solution steri- 
lized bj" filtering through a Seitz filter. The solution was injected into a vein 
as rapidly as possible. The quantity of fluid injected varied between 19.9 and 
217 cc. and the concentration of the solution between 15.4 and 47.8 grams of 
galactose per 100 cc. of solution. In 20 of the 23 experiments the time consumed 
by the injection varied between | and 5 minutes; in one experiment it took 7 
minutes (2 injections) ; in another 9^ minutes (2 injections) ; and in still another 19 
minutes (2 injections). In most experiments a jugular vein was used for the 
injection. The only ill effects, observed especiallj'- udththe larger doses, were 
tremor of the whole body and flush of the skin and of the mucous membranes. 
If they occurred at all, both effects appeared during or shortly after the injection 
but disappeared in twenty minutes or less. 

The samples of blood were withdrawn from a jugular vein at varying times 
'after the injection. The times were arranged so that the intervening concentra- 
tion could be obtained by linear interpolation with an error not larger than the 
error of the chemical method. 

The bladder was catheterized with a no. 14 coude catheter. The, urine was 
collected directly into graduated cjdinders and the volume read at room tem- 
perature. IITien the volume of urine was small, the washings of the catheter 
were also analyzed. The intervals of collection were selected so as to justify' the 
use of the mean rate of excretion in a given interval as the rate of excretion at 
the middle of the interval. 

A number of samples of blood and urine were anatyzed before and between 
the experiments in order to determine the concentration of endogenous reducing 
substances given by the chemical methods employed. 

Chemical methods. The blood was nuthdrawn in amounts varjdng from 10 to 
20 cc. and was collected in bottles containing approximately 30 mgm. of dried 
potassium oxalate. The plasma was separated by centrifugation usualty ulthin 
one or two hours after the blood withdrawal. In a few experiments the late blood- 
samples were kept in the refrigerator (6°C.) overnight, before centrifugation, 
but repeated checks showed no essential change in the concentration of reducing 
substances of the plasma. For the determination of the reducing substances of 
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the urine and the non-feiinentahle reducing substances of the plasma, the method 
of Folin and Wu (1920) was used, with d-galactose standards of appropriate 
strength. The yeast-feimentable reducing substances of the plasma ’were 
removed by the method of Blanco (1928). The Klett Biocoiorimeter was used 
for the color matching. The determinations were made in duplicate, sometimes 
in triplicate, on samples renumbered by an independent worker. In some of the 
later experiments the IClett readings were checked with the Eveljm or the Klett- 
Summerson photoelectric colorimeter. 


T.\BLE 1 

Protocol of experiment 5, dog 1 


URIXE 


TLASilA 


Inten'al of collection 1 

(9;30 a.m.-3:43 pjn.) i 

Volume 

Concentration 
of reducing 
substances 

Time of blood withdrawal 

Concentration of 
non-fermentable 
reducing substances 

9:30 - 9:47 

CC. 

219.5 

mgm.jlOO cc. 

3393 

9:51 a.m. 

mgm.jlOO cc. 

997 

9:47 -10:11.5 

181.0 

4800 

10:16 

687 

10:11.5-10:3o.5 

114.5 

5575 ^ 

10:39 

551 

10:35. 5-10:57 

80.5 ! 

5075 

11:01 

406 

10:57 -11:20 ! 

53.7 

6518 

11:23 

332 

11:20 -11:48.5 ' 

41.8 

7093 

11:51.5 

234 

11:48.5-12:21 

65.0 

3755 

12:28 p.m. 

138 . 

12:21 - 1:13.5 | 

1 139.0 

1411 

l:18 

63.3 

1:13.5- 1:52 

i 23.7 

2923 

1:56 

37.7 

1:52 - 2:27 

1 7.0 

2285 

1 2:31 

14.1 

2:27 - 3:11 

; 97.2 

116 

3:13 

13.3 

3:11 - 3:43 , 1 

' 44.0 

75.2 

3:46 

9.5 


Food was withdrawn 24 hours before the experiment. From 9:26.5 to 9:29 a.m., 91.3 cc. 
of a 36.2 per cent solution of d-galactose (Pfanstiehl) was injected into a leg vein, and from 
9:35 to 9:36 a.m., 68.2 cc. of the same solution was injected into a jugular vein. Plush 
and trembling developed in the course of the injections. Trembling had ceased by 9:40, 
and flush by 9:.50 a.m. A small amount of urine was lost accidentallj* at the first catheteri- 
zation. ,\t 8:31, 11:25 a.m. and 1:59 p.m. water was given by stomach tube, 400 cc. each 
time. The animal was fed at 3:20 p.m. when the experiment was practicall}' over. .At 
8:08 the following morning, the urine voided during the night and washings of the cage floor 
(290 cc.), together with 35 cc. of catheterized urine, were pooled and analyzed. The con- 
centration of reducing substances in this sample was 209 mgm. per 100 cc. and the rate of 
excretion in this long interval 0.69 mgm. per minute. 


Data. An illustrative protocol is reproduced in table 1. The weights of the 
dogs on the day of the experiment, the quantities of injected galactose, and the 
amounts of galactose excreted in the indicated intervals of time are given in table 
2. In order to save .space, the calculated amount of excreted galactose and the 
per cent difference between the excreted and calculated amounts are also given 
in table 2. 

The endogenous values of both the non-fermentable reducing substances of 
the })lasma and the reducing substances of the urine are essentially those given 
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in another paper (Dominguez, Goldblatt and Pomerene, 1937). The mean 
values for the plasma, expressed in milligrams of galactose per 100 cc., are the 
folloAving: dog 1, 10.6; dog 2, 13.6; dog 3, 9.2; dog 4, 8.0; and dog 5, 9.6. The 


TABLE 2 

Quantities injected and amounts excreted 


DOG 

NO. 

EXPT. 

NO. 

TOIGHT 

QDANTZTy 
i INJECTED 

! G 

AifOtJNTS EXCRETED IN INDICATED TUIES 

PER CENT 

difference 

Found 

Calculated 

t \ 

E 

h 

I 


1 

kgm. 

gm. 

min. 

gm. 

min. 

gtn. 


1 

i 1 

13.9 

3.56 

98.4 

1.034 

99.1 

1.075 

-3.95 


2 

13.6' 

6.82 


2.327 





3 

11.3 

7.83 


2.258 





4 

13.0 

10.65 

160 

4.189 

155.5 

4.375 

-4.45 


5 

14.1 

57.74 

341 

38.235 

314 

40.493 

-5.9 


6 

13.6 

59.71 

1505 

33.410 

CO 

33.600 

-0.57 


7 

22.7 

63.79 

374 

40.144 

366.6 

40.671 

-1.31 

2 ' 

1 ' 

16.6 1 

4.20 


0.987 





2 

16. S 

10.12 

228 

3.884 

227.4 

3.595 

+7.45" 


3 

16.8 

17.62 


5.560 





4 

16.3 

31.34 

284.5 

15.884 

284. 5t 

15.193 

+4.35 


5 

16.8 

36.64 

356.5 

19.858 

356. 5t 

20.087 

' -1.15 


6 

16.6 

1 

65.46 

421 

43.971 

431.0 

42.960 

+2.35 

3 

1 

15.7 

13.40 

205.5 

6.448 

182.7 

6.448 

0 


2 

16.3 

50.14 1 

304 

1 32.032 

1 

284.4 

37.515 

-19.02'" 

4 

1 

11.6 

24.98 

282 

17.464 

297.8 

18.224 

-4.35 


2 

11.4 

38.42 

370 

27.656 

372.4 

29.949 

-8.3* 


3 

11.3 

42. 6S ; 

1 


30.885 




5 

1 

15.9 

3.96 

115 

0.839 

109.4 

0.896 

-6.7 


2 

12.0 

28.68 

307 

16.218 

282.6 

17.437 

— 7.5 


3 

17.7 

39.14 


22.31 





4 

15.4 

55.34 


38.25 





5 

15.4 1 

55.49 


36.67 


■ 



* In these experiments there is a large discrepancy between the amount excreted in the 
first interval of collection and the amount calculated for this interval. If this interval is 
omitted, the per cent differences become: +0.22 (expt. 2, dog 2), —3.58 (expt. 2, dog 3), 
and —3.50 (expt. 2, dog 4). 

t The times h of experiments 4 and 5, dog 2, are 466 and 472 minutes, respectively. 
However, the integration cahnot be carried to these times because the catheterization of 
the bladder was stopped at the times given. 

mean values for the rate of excretion, in milligrams per minute, are, in the same 
order: 0.56; 0.58; 0.79; 0.48; and 0.47. In this paper the mean values of the 
blanks will be treated as constants. 

Rate of excretion. If the rates of excretion and the plasma concentrations 
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are plotted on ordinary" co-ordinate paper with the times as abscissae and if the 
points of each respective set are joined by segments of straight lines, the resulting 
cuiwes fall regularly from the beginning to the end of the experiment. By 
graphic linear interpolation the rates of excretion y can be paired vith the corre- 
sponding plasma concentrations x. If the data {y, x) are now plotted in the 
ordinarj’^ 'vaj' , the relation between these quantities is, in most instances, approxi- 
mately linear from the endogenous level up to the highest plasma concentration 
reached in these expeiiments. As an example, we have plotted the points 
obtained from four experiments (fig. 1). The linear relation between the plasma 
concentration x and the rate of excretion y is evident. 



Fig. 1 Fig. 2 

Fig. 1. Relation of the rate of excretion of reducing substances to the plasma concentra- 
tion of non-fermentable reducing substances. Forty-two pairs of observations from four 
experiments on two dogs have been plotted. Below z = 60, ten points cannot be seen dis- 
tinctly because of overlapping. The line was fitted b 3 ’^ the method of least squares. The 
standard error of the slope is 0.00476. This line does not fit well the mean endogenous point 
of dogs 1 and 3. The line passing through this moan and the centroid of all the other points 
is 2 / = —2.95 -r 0.366 x. However, the difference between the slopes of these two lines is 
0.009, and, hung within twice the standard error of the slope of the first line, cannot be con- 
sidered significantlj' different. 

Fig. 2. Relation of the excretion constant A to the quantity injected per kilogram of 
body weight. In most of the experiments the excretion constant A (table 3) is independent 
of the quantitj' injected. The slight correlation in the experiments on dog 2 and the ap- 
parentlj' greater correlation in the experiments on dog 5 are probably due to the effect of 
diuresis. 


Since the endogenous pair is used in the calculation of the slope, we can 
make this pair the origin of co-ordinates and write the relation between the ra-te 
of excretion of galactose y and the plasma concentration of galactose ^ m its 
simplest form, 

7} = A^. 

In tliis equation, the excretion constant A can be interpreted as the rate of 
excretion of galactose per unit plasma concentration of galactose. 

Stricth' speaking, A is constant only when diuresis is constant. However, 
when water is given in several doses during the experiment, a sj'stematic variation 
in diuresis is prevented, and very' low diureses are not likely to occur. Under 
these circumstances, a mean value of A is maintained throughout the experiment 
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and the slope of the line is constant (fig. 1). On the other hand, -udien water 
is not given during the experiment (as happened inadvertently in expts. 3, 
4 and 5, dog '5), diuresis falls continuously, the value of A diminishes, and the 
relation between the rate of excretion and the plasma concentration ceases to be 
linear. 

Restricting ourselves to the fifteen experiments in which A is constant, we can 
see in figure 2 that there is no correlation between the excretion constant and the 
dose (data of tables 2 and 3). 

Equation of the plasma co7iceniraiion curve. As stated in the introduction, 
the rate at which galactose disappears from the plasma is equal to the sum of the 
rates of diffusion, excretion and utilization. After equilibrium between the 
plasma and the tissues is reached, the rate of disappearance is equal to the sum 
of onl}’- the rates of excretion and utilization. If we call f the quantity of 
galactose present in the body at a given time, 57 the rate of excretion and ti 
the rate of utilization, we have, after equilibrium, 

+ .. ( 2 ) 

The quantity f is equal to the product of the plasma concentration ^ and the 
volume of body fluids wliich hold galactose in equilibrium with the plasma. 
If we call this volume V, then f = V^. Since the volume V can be assumed to 
remain constant during the experiment, equation 2 becomes 

-V I = , + «. (3) 


‘ Inserting in equation 3 the expression for 17 from equation 1 we get, finalty, 


V§-Ai + u. 


(4) 


This equation shows the relation that exists between the curve of the plasma 

7f' 

concentration the slope of this curve — , and the rate u at which galactose is 

di 


removed from the plasma by processes other than excretion. 

The rate u can now be determined in two ways; 1, assume a mathematical 
expression for u and test, after integration of equation 4, how closely the plasma 
data are satisfied, or 2, assume a mathematical expression for the plasma curve 
and, after performing the operations indicated in equation 4, compute u at a 
series of points. The first method was used to give the rate u from the initial 
value of the plasma concentration down to small values of this concentration — 
20 mgm. per 100 cc. or less. The second was used to show the trend of the curve 
u at the low values of the plasma concentration. 

The steps in the calculations can be simplified by the following considerations. 

In the first place, the plot of log $ and the time (fig. 3, upper right) shows 
that, in the beginning, when the difference in concentration between the plasma 
and the tissues is gi’eatest, there is no initial drop in concentration which is due to 
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diffusion. In order to determine the early stages of this diffusion it would be 
necessaiA' to make obsen’-ations within the first five or ten minutes after the injec- 
tion-. For the purpose of the present study, however, this small interval of time 


t in hours 

0 ■ i 2 3 4 5 6 



tin hours 


Fig. 3. Time curve of the plasma concentration $ and rate of e.^cretion rj of galactose in 
experiment 5 on dog 1. The plasma concentrations have been plotted after subtraction of 
the endogenous blank. The rates of excretion, after subtraction of the blank, have been 
multiplied by 1/.4 (equation 1) in order to bring them to the plasma level. These two sets 
of points have been drawn without distinction. The simple exponential curve (broken), 
which fits the points down to the time < = 4, passes systematicall 3 ’’ above the points bej'ond 
i = 4. This situation is better demonstrated in the upper right comer of the figure, where 
the logarithms of the same experimental data have been plotted. The first part of the plot . 
(black circles) follows a straight line down to < = 3.2. From t — 3.2 to t = 6.2 the points 
follow the broken cur\’e P{t). This curve represents a polynomial of the fourth degree in I, 
fitted to the mean position of these points. In this experiment, the constant p of equation 6 
is equal to 37.9. The straight line of log ($ 37.9) and the curve of { corresponding to equa- 

tion 6 (continuous) follow the points down to U =5.2. 

can be neglected. Therefore, equation 4 can be assumed to hold from the begin- 
ning of the experiment. 

In the second place, the same plot of figure 3 shows that the logarithms of ^ 
do not decrease linearh' throughout the experiment. This non-linearity means, 
of course, that the rate of utilization is not proportional to the plasma concentra- 
tion, except perhaps in the earlj^ part of the experiment. A closer approximation 
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is obtained by assuming for the rate of utilization a linear function of the plasma 
concentration, namely, 

. u = a ■+ jBf. (5) 

Substituting tin's expression for u in equation 4 and integrating, we get 

log [a + (A + B)^] = log [a+(A+ BM - ^^~-log e-t, 


or, more simply, 

? = 56 - p, 

(6) 

where 

5 = ^0 + p, 

(7) 

i 

^ y ’ 

(8) 


a 

^ A+B' 

(9) 


1! 

(10) 


and where e is the base of natural logarithms, t the time, and, as before, ^ the 
plasma concentration and V the volume of distribution. The initial plasma 
concentration means the concentration at the time i = 0. In these experi- 
ments, the time zero has been identified with the beginning of the injection. As 
far as the plasma concentration is concerned, this identification is arbitraiy, 
because during the injection and even for a short time after the injection the 
concentration of the substance in the plasma varies greatly in different parts of 
the circulatory system. However, as long as observations are made on excretion, 
it is better to consider that the experiment begins at the beginning of the injection. 

Commutations. The constants q, k and jj in equation 6 were computed b}^ the 
method of least squares as modified b 3 '' Scarborough (1930). The values of the 
constants are given in table 3. 

The degree of approximation obtained was ascertained both b}’ examining the 
closeness with which the calculated curves follow the data and bj’- comparing the 
amount actually’- excreted vith the amount calculated. The curves fit the data 
down to small values of the plasma concentration, below 20 mgm, per 100 cc. An 
example of the fitting is shorni in figure 3. The amounts calculated are given in 
table 2. Even though the curves were not fitted down to ^ = 0, the integra- 
tion was carried to the time tx corresponding to zero plasma concentration 

— 12^) because the error thus committed is negligible. The mean 
k • log e 

difference between the amount found and the amount computed, e.xpressed in 
per cent of the foimer, is —3.46, and the average difference, irrespective of sign. 
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±5.48. The largest single errors are found in the first fifteen minutes of the 
experiments (table 2). 

The difference between the amount excreted in the time h (table 2) and the 
amount excreted in 24 hours, expressed in per cent of the former, varies between 
— 5.02 (expt. 1, dog 1) and +2.44 (expt. 2, dog 2), with a mean of —1.21 and an 
average of ±2.07. 


TABLE 3 

Numerical values of the constants in the equations of the rate of excretion rj, plasma concen 

iration and rale of utilization u 




T7 = Ai 


= 5e — 

P 


It — 

a + Bt 

DOG 

NO. 

ZXPT. 

NO. 

A 

0 

k 

P 

T" 

a 

B 



Excretion 

constant 




yolume of 
distribution 


Utilization 

constant 



100 X cc. 
per miitule 

rngm. per 
100 cc. 

Uhr. 

mim. per 
100 cc. 

liters 

mgm. per 
minute 

100 X cc. 
per minute 

1 

1 

0.288 

143.26 

1.878 

6.44 

2.60 

5.25 

0.527 


4 

mSm 

252.70 

0.961 

20.98 

4.60 

15.44 

mmM 


5 

BSH 

1349.56 

0.677 

37.91 

4.53 

19.40 



6* 


1461.05 


0 

3.64 

0 



7 

0.369 

1570.87 

0.821 

10.42 

4.09 

5.83 

0.190 

2 

2 

0.219 

291.57 

0.919 

8.95 

3.58 

4.91 

0.330 


4 

0.181 

805.77 

0.490 

18.03 

3.98 

5.85 

0.144 


5 

0.196 

864.37 

0.416 

32.68 

4.24 

9.61 

0.098 


6 


1444.43 

0.454 

55.39 

4.71 

19.75 

o:o87 

3 

1 

0.347 

359.84 

0.846 

27.35 

4.03 

15.53 

0.221 


2 

0.349 

1388.91 

0.636 

68.15 

3.80 

27.41 

0.053 

4 

1 

0.272 

1057.98 


13.14 

2.39 

4.63 

0.080 


2 


1500.78 


12.37 

2.58 

4.11 

0.063 

5 

1 

0.194 

141.38 


23.19 

3.35 

12.83 

0.360 


2 

0.325 

793.22 


19.85 

3.71 

9.60 

0.159 


* In this experiment the value of p cannot be distinguished from zero. Because the 
plasma data fall as in the other experiments, we believe that this value of p is due to the 
chance distribution of errors. 


In ^^ew of these facts we consider equation 5 a satisfactort' representation 
of the rate n, except at low t^alues of the plasma concentration. 

We have not attempted to give a mathematical expression to the whole curve 
of the rate u because of the difficulties encountered in the integration. But we 
have constructed this rate at low levels of the plasma concentration by fitting 
a polynomial in the time t to the terminal part of the cun’^e of log ? (fig. 3, upper 
right) and, from equation 4, determining m at a number of points. The details 
of this constniction cannot be given here.^ 

*Thc comput.'itions used in this paper are quite laborious. For. some of the applications, 
however, the values of the computed quantities can be obtained with sufficient approxima- 
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Results. The foregoing anatysis of the plasma curve answers the problems 

. stated in the introduction. 

\ 

1. The volume of distribution has been computed (equations 7 and 10). This 
volume varies between 2.39 and 4.71 liters of water (table 3). The mean value, 
3.72 liters, with a standard error of 0.189, is significant. In per cent of the 
body weight, the volume varies between 18.0 and 35.4, irith a mean of 24.9. Also 
in per cent of the bod 3 ’- weight, the mean volume V of each dog is, in the order 
of table 3, 25.2, 24.8, 24.4, 21.6 and 25.2. In comparison with the large variation 
in both the quantity injected and the plasma concentration, the variation of the 
volume V is quite small (table 3). In fact, the coefficient of variation of the 
volume V is 0.190, a coefficient slightty larger than that of the body weight, 0.183, 
but considerablj’’ smaller than that of the excretion constant, 0.239. 



Fig. 4 Fig. 5 

Fig. 4. Relation of the rate of utilization of galactose to the plasma concentration. Be- 
cause the lines are computed from experiments in which the plasma concentration falls 
continuously from the beginning of the experiment, the diagram is to be thought of as repre- 
senting the change of the rate of utilization from the higher to the lower concentrations, that 
is, from the right to the left of the figure. The subscripts 4 and 5 in both the equations and 
the lines refer to the experiments 4 and 5 on dog 1, respectively. The lines xu and Us, were 
computed bj^ fitting equation fi. Tlie interrupted cuiwe from the left end of the line ws to 
zero was obtained from equation 4 by the construction outlined in the text. 

Fig. 5. The utilization constant j 5 depends on the quantity of galactose injected. In each 
dog, the larger the quantity injected, the smaller B. An exception occurs in experiment 6, 
dog 1, the experiment with the largest dose. 

Therefore, the quantity of galactose present in the bodj" at anj-- time during 
-» the experiment can be determined by multipljung the concentration of galactose 
in the plasma by the volume of distribution. 

2. The rate of utilization, that is, the rate at wliich galactose is removed 
from the plasma bj’’ or for conversion, has been determined in the presence of a 
simultaneous rate of excretion. From the initial plasma concentration down to 


tion by means of graphic analysis. After smooth curves have been drawn through the 
points representing the data on plasma concentration and rate of excretion, the quantities 
required in equation 4 for computing the rate of utilization can be estimated graphicallj\ 


The only quantity which offers some difficulty is the slope of the tangent of 
plasma curve. Adequate methods for drawing tangents are described in Daniels (1928). 


of the 
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values of this concentration that vary in different experiments, but are usually 
below 20 mgm. per 100 cc., the rate of utilization diminishes linearly mth the 
plasma concentration (fig. 4). For values below this concentration, the rate 
of utilization diminishes rapidl}’’ and not linear^' toward zero (fig. 4). The 
values of the constants a and B of the linear part (equation 5), computed from 
equations 7 to 10, are given in table 3. 

Contraiy to the slope A of the rate of excretion, the slope , jB of the linear 
part of the rate of utilization depends on the quantity injected. Thus, in figure 4, 
the slope of the line lu (10.65 grams injected) is three times as great as that of 
the line tis (57.74 grams injected). With the exception of experiment 6, dog 1, 
the plot of the slope B (table 3) and the dose in grams per Idlo of bodj' weight 



Fig. G. The initial plasma concentration {o is given in milligrams per 100 cc., the initial 
rate of utilization wo in milligrams per minute, and the quantity injected in grams. In 
dogs of comparable size, the initial plasma concentration is proportional to the quantity 
injected (equation 10). The arrows point to the larger initial plasma concentrations of dog 
.3, the smallest dog. In experiment 6, dog 1 (G = 59.7), andine.xperiment/, dog 1 ((?= G3.S), 
the initial rates of utilization are exceptionallj* high. 

Fig. 7. Relation of the amount of galactose e.xcreted to tlie quantity injected. The curve 
following the mean position of the points rises at first with a slope not higher than 0.25, then, 
from about 4.0 to 10 grams, it bends upward, and, from a dose of about 10 grams up to the 
largest dose, G5.4G, it rises linearly with a slope of 0.72. 


(table 2) show.s that, in each dog, the larger the quantity injected, the smaller 
the .slope (fig. 5). 

Although not established by these experiments, this S 3 'stematic variation in 
the .slope B points toward the existence of an upper limit to the initial rate 
of utilization. From the data of tables 2 and 3 it can be shown that the quantity 
injected, the initial plasma concentration, and the initial rate of excretion var 3 ^ 
as 1:18, 1:13 and 1:25, respective^’', but the initial rate of utDization varies onl 3 ' 
as 1:6. It is likeh' that be 3 *ond some dose, larger than an 3 ' used here, there 
will be no further rise in the initial rate of utilization (fig. 6). 

As a consequence of the effect of the dose on the rate of utilization, the propor- 
tion of excreted galactose is not constant. The amount excreted represents 22 
to 30 per cent of the quantit 3 ' given when the latter is less than 4.2 grams and 56 
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to 72 per cent when the quantity injected is more than 38 grains. This variation 
is illustrated in figure 7 .- 

Discussion. Although no particular end product of conversion is being con- 
sidered here, the calculated rate of utilization assigns an upper hmit to the rate of 
conversion as a whole, for, if all the non-excreted galactose is converted into, let 
us sa3’-, glycogen, it is clear that the rate at which gtycogen is formed from 
galactose cannot be greater than the rate at which galactose is removed from the 
plasma b^’- or for the purpose of glycogenosis. If not all the non-excreted galac- 
tose is converted into glycogen, the proportion which is converted can be deter- 
mined by comparing the excess of glycogen formed in a given time mth the 
integral of the rate of utilization in the same time. By extending these in- 
vestigations to other sugars, their efficiency for gl3’'cogen formation can be 
assessed. , 

If figure 4 is completed with the lines of the rates of utilization in all fifteen 
experiments, it will be seen that the path outlined by the initial values of the 
rate of utihzation lies above the entne set of straight lines. This situation is 
true for the fall in plasma concentration after a rapid intravenous injection. 
If, on the other hand, the concentration in the plasma is made to rise slowl3q 
what -will be the course followed by the rate of utilization? Will it follow one 
of the lines alread3’- determined or mil it follow the upper path outlined b3' the 
initial rates of utilization? If the concentration of galactose in the plasma rises 
at first and then falls, as in oral experiments, mil the rate of utilization follow 
an upper path during the rise in concentration and a lower path during the fall 
in concentration? Until these points are settled for galactose and other gl3*cogen- 
forming carbohydi-ates, it cannot be concluded that differences in gl3'cogen for- 
mation are due to differences in either their gl3'-cogenetic cfficienc3^ or then rate 
of absorption from the intestine. 

With respect to the variation in the proportion of excreted galactose, it should 
be recalled that, under the same experimental conditions, the proportion of 
excreted x3dose is constant. Tliis constanc3>' is due to the fact that the rate 
of utilization of X 3 'lose is proportional to the plasma concentration and that the 
constant of proportionalit3^ is independent of the dose (Dominguez', Goldblatt 
and Pomerene, 1937 ). The metabolism of these two sugars is therefore quite 
different. 

Finalh’', concerning the volume of distribution, there is no doubt that this 
volume represents a real partition of the bod3’' fluids even though the anatomical 
site of tliis partition is not specified. From the standpoint of the method used 

-For the kinetics of elimination following a rapid intravenous injection, Teorell (1937) 
has proposed an equation identical in form to our equation for xylose (Dominguez, Goldblatt 
and Pomerene, 1937). Teorell obtains this equation in a theoretical way by assuming 1, 
Pick’s diffusion law for the rate of diffusion into the tissues; 2, Pick’s diffusion law for the 
rate of excretion, and 3, a chemical reaction of the first order for the rate of “inactivation”. 
The second assumption is inadmissible. The third assumption is not sufficiently general. 
As shown here, the part of galactose wliich disappears from the plasma for conversion does 
not disappear at the rate of a monomolecular reaction. 
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here, this volume can be looked upon as k characteristic of any substance under 
investigation. This volume might be expected to be different with different sub- 
stances. On the contrar}^, many substances, as dissimilar in chemical structure 
as in physiological properties, distribute themselves in volumes of quite com- 
parable magnitude. Thus, sulfate, sucrose, chloride, xylose and thiocyanate — 
to mention only the substances recentlj’’ compiled by Adolph (1943) — are dis- 
tributed in volumes which do not differ much from the volume of distribution of 
galactose. Even creatinine, a substance which occupies eventually a volume 
two and a half times as large as that of galactose, enters first, and almost inmie- 
diately, into a volume about equal to that of galactose (Dominguez, Goldblatt 
and Pomerene, 1935). These facts should be taken into consideration by phj’^si- 
ologists interested in the anatomical interpretation of these volumes. 

SUAnLA.RY AND COXCLUSIOXS 

1. The disappearance of galactose from the plasma after a rapid intravenous 
injection has been studied in five dogs. 

2. The data consist of the rate of excretion at consecutive intervals, the plasma 
concentration at selected times, and the endogenous blanks. 

3. During and shortb’’ after the injection, galactose diffuses into a volume 
of body fluids equivalent to about 25 per cent of the body weight. The concen- 
tration of galactose in this volume is in equilibrium with that of the plasma 
virtually from the be^ning of the experiment. Hence, the amount of galactose 
present in the body at anj"- time during the experiment can be calculated hy multi- 
pbdng the plasma concentration by the volume of distribution. 

4. The subsequent fall in the concentration of galactose in the plasma is due 
only to renal excretion and chemical transformation. Diffusion takes no 
part in this fall. 

5. The part excreted is lost at a rate (rate of excretion) which is proportional 
to the plasma concentration. The constant of proportionality is independent of 
the quantity injected. 

6. The part transfoimed is removed from the plasma at a rate (rate of utiliza- 
tion) which is not proportional but is linearly related to the plasma concentration. 
The linear relation holds from the initial plasma concentration to concentrations 
of about 20 mgm. per 100 cc. or less. 

7. The slope of the linear part of the rate of utilization depends on the quantity 
injected. In general, the larger the dose, the smaller the slope. 

8. The initial rate of utilization does not rise in proportion to the quantity 
injected. To an 18-fold variation in the latter there con-esponds only a 6-fold 
variation in the fonner. It is probable that the initial rate of utilization reaches a 
stationary' value. 

9. The plasma concentration can be represented by the equation 

^ - p, 

where $ is the plasma concentration, i the time, and c the base of natural 
logarithms. Tlie constants q, k, and p are defined in tenns of (1) the volume 
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of distribution and (2) the constants relating the rates of excretion and utilization 
to the plasma concentration. 

10. The equation of the plasma concentration is checked both by fitting 
the data and bj’" calculating the amount excreted. The mean difference between 
the amount actuallj’- excreted and the amount calculated, expressed in per cent 
of the former, is about 3.5. The largest single error is found in the amount 
excreted in the first fifteen minutes after the injection. 

11. From the relation of the rate of utilization to the dose it follows that the 
amount excreted is not proportional to the quantity injected. The amount 
excreted is less than 30 per cent of the quantity injected when the latter is less 
than 4.2 grams, and 56 to 72 per cent ivhen the quantity injected is more than 
38 grams. 

12. The significance of the calculated rate of utilization in studies of the inter- 
mediary metabolism of carbohydrates is discussed. 

We wish to thank Dr. A. J. Segal for making the figures used in this paper. 
We wish to thank also Prof. Hany Goldblatt and especialty Prof. Charles F. 
Rehor, both of Western Reserve University, for their counsel in the preparation 
of the manuscript. 
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Past investigations concerning the influence of the stellate ganglia and their 
associated nerves upon the flow of blood in the coronaiy arteries have yielded 
Avidelj' different results. According to some reports (1, 2, 3, 4, 5, 6), stimulation 
of these neiwe structures causes an increase in coronary flow, while the findings 
of others (7) indicate the opposite, or a mixed effect (8). Examination of these 
reports reveals that a varietj' of experimental methods were used. In some in- 
stances, coronary inflow was measured only indirectly (coronaiy sinus outflow) ; 
in others, the data were obtained with unreliable instruments.® Except for the 
investigations of Morawitz and Zahn (1) and Greene (3, 4), the results were ob- 
tained in relatively abnoimal preparations (fibrillating heart or heart-lung 
preparation). It is significant that in none of these .studies was the coronaiy 
inflow measured bj'- any method in a heart beating in situ. 

YTiile it is still not po.s.sible to quantitate coronary inflow under ideal condi- 
tions, the rotameter (12) and improved orifice meter (11, 13, 14) pro\dde simple 
and accurate methods for determining coronary inflow in the anesthetized dog 
with much less disturbance than heretofore to the animal’s neiwous, hemody- 
namic and metabolic mechanisms. Both- instmments can be used to measure 
mean rate of inflow; in addition, the orifice meter records a graphic picture of the 
phasic flow fluctuations in the main coronaiy arteries. Hence, the .subject has 
been reinvestigated with the use of these instruments and a somewhat less ab- 
normal preparation. r 

Methods axd procedures. Dogs weighing from 10 to 29 kilos were given 
morphine preoperativeljq anesthetized Mth either sodium pentobarbital, ether, 
or a combination of chloralose (100 mgm. per kilo) and urethane (50 mgm. per 
kilo) and then artificial re.spiration instituted. The right and/or left stellate 
ganglia together with their cardiac branche.s'' (neiwes) were exposed by resection 
of part of the second rib. The heart was exposed bj”^ removal of part of the fifth 
left rib and the coronaiy artery to be studied isolated with care for subsequent 
cannulation. After injection of an anticoagulant (usuallj' a combination of 

' Tlie expense of tliis investigation was defra 3 'ed to a large extent by a grant from the 
Commonwealth Fund. 

- The authors with to express their .appreciation to Dr. A. Rotta (now in the department 
of physiology, Univ. of Peru. Lima) and to Dr. W. R. Pritchard of this department for their 
assistance in some of the earlier experiments. 

’ Errors in the thennostromuhr method (9, 10). 

’ For convenience, the term “cardiac branches” or “cardiac nerves” is used to denote all 
nerve fibres arising from a stellate ganglion exclusive of the rami of the connecting spinal 
nerves. 
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heparin and chlorozol or pontamine fast pink), a trocar was inserted into the 
common carotid or subclavian arteiy,® to the level of the aortic valves and blood 
led from it through a lead tube, either to a rotameter or to an orifice meter. The 
peripheral end of the meter was connected to the peripheral cut end of the coro- 
nary artery being studied. Aortic blood pressure was determined by a Gregg 
pressure manometer (14, 15, 16) and recorded optically together vith the phasic 
or mean rate of flow. In some experiments, the stellate ganglia were stimulated 
after their isolation from the sjmipathetic chain (accomplished by sectioning 
above and below the ganglia). In others, the cardiac nerve fibres aiising from 
the stellate ganglia were stimulated before and after section from their gangUa. 
In all experiments, the nerve structures were stimulated by a Harvard induc- 
torium and continuous readings made before, during and after such stimulation. 
In some dogs the hearts were driven b 3 ’' an artificial pacemaker attached to the 
right auricle. In some cases, the blood pressure was kept at the control level bj'’ 
the adjustment of a clamp applied to the aorta just above the diaphragm. In 
most instances, flow measurements were made within 30 to 60 minutes after 
anesthetization of the dog. 

Results. If injurj'^ to nerve structures, incident to their isolation, w'as mini- 
mal, stimulation of the stellate ganglia or their cardiac fibres caused a large in- 
crease in coronarj’- inflow. The flow increase usuallj" began a few seconds after 
the start of the stimulation and lasted from a few seconds to several minutes after 
stimulation had ceased. In general, the magnitude of the flow^ increase was less, 
the weaker the intensity of the stimulation, the shorter the time interval betiveen 
successive stimulations and the later in the experiment the stimulus was applied. 

A. Changes in mean rale of inflow. Augmentation of floAv in either main 
branch of the left coronary artery occurred in all of 21 experiments in which 
either or both stellate ganglia and their cardiac branches w'ere stimulated before 
and after section from the sjunpathetic chain. In no instance w'as .the coronaiy 
infloAV found to decrease. How'ever, in several experiments, nerve stimulation 
elicited either a verj'^ small increase or no change in coronaiy flow. In some ex- 
periments stimulation was accompanied bj^ an appreciable augmentation of 
heart rate or blood pressure; in other cases, the heart rate and blood pressure were 
not noticeablj’- affected, while in still others, a concomitant rise in blood pressure 
was artificiallj'^ compensated and kept at the control level during nerve stimula- 
tion. 

The experiment illustrated in figure IB is typical of that group in which, during 
nerve stimulation, no attempt Avas made to control the blood pressure or heart 
rate and the blood pressure rose moderate^. With a control flow* of 23 cc. per 
minute into the left circumflex arteiy and a mean blood pressure of 80 mm. Hg, 

5 In many experiments, to obviate the criticism that the length of the coronar}' blood flow 
circuit might cause excessive damping of the flow pattern or appreciable reduction in 
coronary flow, the chest plate was removed and blood led (by a cannula inserted into the 
left subclavian artery to the level of the aortic valves) to the recording instruments, and 
thence to the coronarj' artery. In actual tests in the same dog, the patterns and flows 
obtained alternately in the long and short circuits were not measurably different. 
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stimulation of the cardiac fibres from the left stellate ganglion (after section from 
their ganglion) for two minutes increased the flow greatlj" to 72 cc. per minute 
(213 per cent increase) where it remained as long as the stimulation continued. 
Upon removal of the stimulus, the flow decreased and after nine'minutes was still 


C A' to’ 22* 30* 



Fig. lA. Reproductions of a series of original pressure (upper) curves and rectified re- 
constructions (lower) of original velocity flow curves recorded in the descendens branch of 
the left coronarj' arterj" following stimulation of the left cardiac nerves. Dog weight 12.2 
kgm. Ordinate scales — pressure in millimeters of mercury on left, flow in cubic centimeters 
per minute on right. Continuous horizontal line indicates zero flow level. Interrupted 
line indicates mean flow level for each record segment. Numbers on each record segment 
are, at top, time elapsed following beginning of nerve stimulation and, at bottom, heart 
rate. C, control record. 

Fig. IB. Tracing of original record showing augmentation in mean blood flow as meas- 
ured by a rotameter in the circumflex branch of the left coronary artery following a 2 minute 
stimulation of left cardiac nerves. Numbers on curves, cubic centimeters per minute and 
millimeters Hg. Solid vertical intercepts, one minute intervals. At broken vertical inter- 
cepts, recording stopped for minute intervals. 

somewhat greater (28 cc. per min.) than the control flow. During stimulation, 
the mean blood pressure undenvent a transitory rise from 80 to 102 mm. Ilg, and 
then almost immediately (^- min.) fell to appro.vimateb'' the control value, and 
during the recovery period to somewhat below the control value. The heart 
rate (104 per min.) showed no significant change. 
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Examples of the other tj’pes of response indicated above are given in table 1. 
Similar, but generally smaller, increases in right coronarj’’ inflov were observed 
(8 out of 9 expts.) during comparable nerve stimulation (cf. table 1). In one 
experiment, no change in coronary flow was observed. 

TABLE 1 

Effect of cardiac nerve stimulation on coronary inflow 


] 

EXPERI- 
MEKT 1 

HEART RATE 

AORTIC BtOOD i 
PRESS. 

CORONARY 
INFLOW CC. PER 
MINUTE 


Before 

During 

Before 

During 1 

Before 

During 


Left coronary artery 


1 

190 

180 

113/96 

118/85 

27 

45 

2, 

108 

150 

95 

90 

18 

39 

3 

125 

135 

67 

72 

14 

30 

4 

140 

145 

108 

108 

16 

32 

5 

120 

120 

110 

no 

17 

45 

6 

146 

143 

132 

136 

28 

46 

7 

104 

104 

80 

91 

23 

72 

8 

132 

138 

no 

108 

16 

32 

• Right coronary artery 

1 



126 

120 

-27 

32 

2 

146 

168 

76 

74 

10 

15 

3 

140 

144 

86 

90 

23 

44 

4 

152 

152 

95 

97 

25 

37 

5 

162 

162 

90/68 

99/68 

33 

33 


CONDITION 


Left cardiac nerves cut from stellate 
ganglion and stimulated. Flow meas- 
ured in left descendens. Blood pres- 
sure not compensated 
Same as expt. 1 

Left cardiac nerves cut from stellate 
ganglia and the inferior fibres stimu- 
lated. Flow measured in left circum- 
flex. Blood pressure not compensated 
Same as expt. 3 but blood pressure com- 
pensated 
Same as expt. 4 
Same as expt. 3 
Same as expt. 3 
Same as expt. 4 


Right cardiac nerves cut from stellate 
ganglion and stimulated. Blood pres- 
sure not compensated 
Both right and left cardiac nerves cut 
from stellate ganglia and stimulated. 
Blood pressure compensated 
Right cardiac nerve's stimulated (not 
cut). Blood pressure not compen- 
sated 

Left cardiac nerves stimulated (not cut). 

Blood pressure compensated 
Left inferior cardiac fibres stimulated 
(not cut). Blood pressure not com- 
pensated 


B, Changes in floio pattern. As vith the rotameter, coronary inflow recorded 
by the orifice meter increased in both right and left coronary arteries ^vith cardiac 
nerve stimulation. Phasic changes in the left coronaiy inflow pattern in one 
experiment are illustrated in figure lA. Blood pressure and heart rate were not 
artificially compensated. In the control segment, a sizable backflow was pres- 
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ent dming early systole and the diastolic rate of 'flow was considerably greater 
than that during sj’^stole. Witliin four seconds after the beginning of neiwe 
stimulation, the mean blood pressure rose mildly (18 mm. Hg), the s 3 'stolic rise 
in pressure becoming more abnipt and peaked. In the flow pattern, the diastolic 
flow increased progressive!}’’ while the s 3 ^stolic flow decreased rapidly from beat 
to beat and became almost entirely backflow. Within ten seconds, the blood 
pressure spontaneous!}^ fell to a subcontrol level, but the pressure curve retained 
its shai-p S 3 ’'stolic rise. Further depression in s 3 ^stolic flow occurred vith an 
accompan 3 dng small reduction in mean rate of flow. Within 22 seconds, the 
blood pressure spontaneousl}’^ rose to approach the control level, the systolic 
reduction in flow became less, wliile the diastolic and mean rates of inflow in- 
creased gi'eatty. These changes were well maintained to 40 seconds (end of 
stimulation). At one minute, the pressure and flow curves returned to the con- 
trol levels. 

The above illustrates the changes in phasic flow distribution and blood pres- 
sure which frequentl}’’ accompan}’- an increase in mean rate of inflow into the left 
coronary arter}’’ with nerve stimulation. ''i\Tiile, in all experiments, the diastolic 
flow increased and the s 3 ’-stolic flow decreased, in other particulars the response 
varied. Frequentl}' the blood pressure did not fall and the flow and pattern re- 
sponses were similar to the sequence in the 4 second and 22 second records. In 
other experiments, artificial compensation of the blood pressure to the control 
level gave results not discemibly different from those shown in the 22 .second 
record of figure lA. 

Flow patterns recorded in the riglit coronary artery showed directional changes 
which were similar to those recorded in the left coronary arteiy, i.e., flow during 
systole either decreased or remained the same while the diastolic flow increased 
considerably. In some instances, a sustained phasic redistribution of flowtAvas 
obseiwed AAlthout an appreciable increase in mean rate of inflow, the diastolic in- 
crease in flow being compensated by the flow reduction during systole. (This 
also occurred in the left coronary artery but was transient in appearance (cf. 
4 second record, fig. lA).) 

Discussion. Stimulation of the stellate ganglia and/or their cardiac branches 
in the anesthetized, open-chest dog is found to increase the Aoav in both right and 
left coronary arteries. The increased coronary inflow occurs with or Avithout 
spontaneous eleA'ation of blood pressm’e and heart rate, or AA'hen the aortic blood 
pressure is artificially controlled and compensated to the control leA'el. Tins 
indicates that the factors of heart rate and blood pressure are not indispensable 
to the natural mechanism through AA'hich the increase in Agaa* is mediated. 

The obseiwed increase of coronary infloAV is regarded as eAudence of coronaiy 
dilatation. The mechanism by Avhich such neiwe stimulation causes dilatation 
of the coronary A’essels or otherwise increases coronaiy infloAA' cannot be identified 
in these experiments. 

The extensiA'e alterations of the coronar}' infloAV pattems observed AAith neiwe 
stimulation are related to the influence of many complex and interdependent 
factors. The pattern changes are regarded as the summated effects of alteration 
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in some or ail of the following interrelated variables; vasomotor state, vessel 
elasticity, volume-elasticity coefficient, frictional resistance (viscosity effects), 
magnitude and rate of change of aortic pressure, extravascular compression 
(support) and rate of flow. Wliile others (17, 18) hold the view that changes in 
vasomotor state and extravascular support can be deduced from alterations in 
these curves, we feel our present knowledge does not justify such a procedure. 
The patterns are presented vdth the hope that subsequent studies -will permit an 
adequate interpretative analj^sis of them. 

Attention is directed to the fact that the nerves studied were stimulated b 5 ’- 
artificial means at a rate and intensity and under conditions which may or may 
not approximate those naturally occiming in the undisturbed neiwe fibres. 
Hence, it is not knovm whether the naturalty occurring nerwe action currents 
would cause similar changes in blood pressures, heart rate and coronary inflow. 

SUMMARY 

The effects of stinrulation of the stellate ganglia and their cardiac branches on 
coronary inflow in the anesthetized, open-chest dog have been studied vith the 
use of the rotameter (for recordirrg mean rate of inflow) and the orifice meter 
(for recording phasic flow). 

Stimulation of these structures usually causes a considerable and sustained 
augmentation of left coronary inflow and a somewhat smaller increase in right 
coronary inflow. In no instance was a sustained reduction in flow observed. 

The increase in mean rate of flow is the resultant of a decreased inflow during 
systole and a proportionatelj'- larger increase in flow during diastole. Occa- 
sionally, the phasic redistribution of flow throughout the cycle is such that the 
net flow increase is quite small. 

The augmentation of coronary inflow is frequently accompanied by simul- 
taneous elevation of aortic blood pressure and/or heart rate. However, obserwa- 
tions that the inflow increases when these variables either do rrot increase spon- 
taneously or are artificially kept at the control level, indicate that these factors 
alone are not an indispensable part of the mechanism by which coronary inflow 
is increased. 

The augnrentation of coronary inflorv is regarded as an indication of coronary 
vessel dilatation. The mechanism remains to be determined. 
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The very existence of the nenrohypoph3'seal pressor substance, and further, 
the recent demonstration (1, 2) that it may be reflexly secreted in effective 
amounts, points to the necessity of determining whether this substance plays 
any role in the mechanism of the various naturally occurring and experimental 
forms of hypertension. 

Direct attempts to studj”- the possible relationsliip between the pituitary body 
and renal hjTpertension (3, 4, 5) have led to inconclusive results. This may be 
due in part to the failure in some instances to separate completely the effects of 
the anterior and posterior lobes of the gland. Further attempts to resolve the 
question have not appeared, perhaps partially because the present concepts of 
renal hypertension leave less room for a posterior pituitary mechanism to play 
any essential role. The present report constitutes an extension of the work pre- 
liminarily reported bj'- the authors (6). 

Methods. Adult rats of both sexes, maintained on a complete stock diet, 
were used thi'oughout. Arteiial hypertension was produced by partial ligation 
of the left renal arterj'-, following the technique of Wilson and Byrom (7), except 
in 3 rats in which silk bags Avere loosely applied around both kidneys, and 1 in 
Avhich collodion Avas applied to the lddne5^ Ohr past expeiience has indicated 
that approximateljf half of all rats Avith attempted partial ligation of one renal 
artery deA’^elop hj^pertension. The failures are due to complete ligation, too 
loose a tie, or to a failure to place the tie proximal to the point A\4iere the renal 
arterj’’ branches. 

Systolic blood pressure Avas measured at frequent intervals (from one to four 
times a Aveek) bj^ the tail pleth.ysmograph method of Williams, Harrison and 
Grollman (8) on Avarmed, unanesthetized rats. After the initial period of train- 
ing, the aA^erage systolic tail pressure of normal young adult rats AA'as found to be 
104 mm. Hg AAith a standard deviation of db 5 mm. We have found no instances 
of sustained spontaneous hypertension in studying over 500 normal rats. Per- 
sistent mean pressures oA’-er 130 mm. occurred in our series only after experimental 
interference. 

Posterior or complete hj^pophi^sectomi” Avas performed either before or after 
the renal surgeiy. A control group of ten animals undenvent a sham operation 
in Avhich the posterior hypophj^sis Avas exposed and gently pulled. The intake 

1 Supported by grants from the John and Mary Markle Foundation, the Board of Re- 
search of the University of California', and the Christine Breon Fund. 

- Now at the University of Texas, Medical Branch, Galveston, Texas. 
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of water per 24 hours at standard emdronmental temperature of 28.5°C. was 
determined for a period of 5 days beginning 2 or 3 weeks after the operation. In 
a series of 13 unoperated rats of the same age as the experimental group the 
water intake ranged from 6.7 to 17.9 (ave. 11.6) cc. per 100 grams body weight 
per 24 hours, and this series was used to judge the effectiveness of the posthy- 
pophysectomy. . The presence of a normal amoimt of functioning anterior lobe 
was based on the weight and microscopic appearance of the gonads, thjuoid and 
adrenal cortex; gain or loss of bod}*" weight; basal metabolic rate; and serial 
sections of the sella turcica. Thirteen hj^pertensive rats developed deficient or 
absent anterior lobe function, and this group is considered separately'. 

Results. Renal surgery after 'posterior hypophysectomy. Sixteen rats which 
had persistent diabetes insipidus observed over a period of 7 to 11 months after 
posterior hypophysectomy, were subjected to a partial ligation of the left renal 
arteiy. The results are given in table 1. Ten rats, or 62 per cent of this group, 
developed hypertension as e\ddenced bj'^ a sustained increase of more than 25 per 
cent above the normal blood pressure. The percentage of success in producing 
hy’-pertension by this method, as well as the duration and distribution of severity 
of the hypertension, closely parallel our experiences with normal rats. The 
presence of diabetes insipidus appeaiud to exert no influence upon either the pro- 
duction or maintenance of renal hypertension. 

Posterior hypophysectomy after renal surgery. The posterior pituitary lobe was 
successfully removed from 15 additional rats which had had hypertension estab- 
lished for periods varying from 4 to 40 weeks after partial ligation of the left renal 
arteiy. Care was taken to see that the level of hypertension was sufficiently’’ 
stabilized vithin a narrow range of spontaneous fluctuation before the pituitaiy 
operation. All rats shoving any deficiency' of anterior pituitary function were 
discarded from this group. The results are summarized in table 2. One rat 
showed a marked increase in the severity' of hypertension, and 9 did not change 
significantly' (i.e., more than ± 25 mm. Hg). Five showed a decrease greater 
than 25 mm. Hg in blood pressure level. This decrease occurred slowly', during 
the first month ppstoperatively*. Five of these rats were then given daily injec- 
tions of Pitressin Tannate in oil^ for 12 day's in amounts (0.5 unit) which proved 
to be sufficient to correct the diabetes insipidus. This did not cause an increase 
in blood pressure as might have been expected if the removal of the source of 
posthypophy'seal pressor substances had been a major determinant of the fall of 
blood pressure noted in some of these rats. The rise or decline of blood pressure 
after removal of the posterior lobe did not seem to be related to the preoperative 
duration of the hypertension. 

Complete hypophysectomy after renal surgery. From 12 hy'pertensive animals 
(table 3) the whole pituitary' body' was removed as ewdenced by' loss in body' 
weight, atrophy' of gonads, adi-enal glands and thy'roid, or lowered oxygen con- 
sumption, together with absence of diabetes insipidus. All of these rats showed 
a lowering of blood pressure. The average fall was 38 mm. Hg in the first week 


Supplied by Dr. Oliver Kamm of Parke Davis Laboratories. 



POSTERIOR HYPOPHYSECTOIMy AND RENAL HYPERTENSION 


391 


and a fiu’thei* decrease of 12 mm. Hg in the second week after h 3 'poph 3 'sectomy, 
but the blood pressure usuallj’^ remained definitely above normal values. 

Sham hypophyseciomy after renal tie. Ten rats, suitably hj^pertensive, under- 
^yent control operations in order to studj’’ the influence of the surgerj’- alone. The 
operation consisted of a sham hypophjfsectomj’- in which the pituitarj'- was 
exposed but not removed. Four rats demonstrated an increased blood pressure 

T.ABLE 1 


The production of hypertension in rats after removal of the posterior pituitary 


Water intake (cc./lOO 













nn 


■ 

gm. BW/24 hr.) 

24. .5 

•17.5 

1S.5 

19. G 

*15.9 

•14.9 

20.6 

21.4 

21.0 



28.3 



■Eiii 

B. P. after renal surgerj’ 













HI 


■|! 

(mm. Hg) . . 

103 

105 

lOG 

108 

lOS 

112 

132 

136 

140 



151 

Q[ 




* These four rats had shown water intakes indicating undoubted posterior lobe insufficiency, i>ut their water intake 
had dropped somewliat before the renal surgery. 


TABLE 2 


The effect of posterior hypophysectomy upon the blood pressure of rats with experimental 

hypertension 


Water intake (cc./lOO 
gm. BW/24 hrs.) 

50.2 

23.2 

23.5 


42.0 

23.1 

22.8 

28.0 

22.3 

17.3 

19.3 

29.2 

38.9 

1 

18.4 

23.7 

Av. 

27.0 

B. P. before posthypo- 

















physcotomy (mm. Hg) 

14G 

191 

130 

199 

154 

I4C 

13S 

lOS 

191 

131* 

147* 

175* 

180 

217* 

195* 

108 

B. P. after posthypo- 

















physectomy (mm. Hg) 

218 

212 

1 

152 

1 

211 

IGfl 

157 

129 

157 

173 


118 

140 1 

1 

135 

145 

114 

156 


The blood pressures represent the means of all readings during a 4 week period before and a similar period after 
removal of the nourohypophysis (excluding the first week postopcratively.) .4. change exceeding 25 mm. Hg is con- 
sidered significant. The data are arranged in order of change of blood pressure from +72 to — 81 . 

* Pitressin Tannate in oil administered without eftcct on blood pressure (sec text). 


TABLE 3 


The effect of complete hypophysectomy upon the blood pressure of rats with experimental renal 

hypertension 



1 i 

■ 1 











Av. 

Mean B.P. before hypophy- 
sectomy (mm. Hg) 

Mean B.P. 2nd tveck after 

B 

■ 

■ 

240 

175 


170 

B 

210 

165 

180 

j 195 

189 

hypophysectomy (mm. Hg). 

IS 



1 ^ 





125 

120 

I 120 

110 

139 


(39-90 mm.), five did not change and one had a slightly (20 mm.) decreased blood 
pressure. We attribute the increases of blood pressure simply to a progression of 
the renal hj'pertension uninfluenced bj'- intracranial manipulation. 

Discussion. The finding that rats with experimental diabetes insipidu.s may 
be readil}' made hj^pertensive bj^ partial ligation of the renal artery and that renal 
hypertensive rats may have the posterior lobe removed with no consistent change 
in their blood pres.sure leads to the definite conclusion that this lobe plays no 
essential part in the genesis and maintenance of experimental renal hjnpertension. 
This does not conflict with the findings of others; for in all reports in which pitui- 
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taiy surgery lias interfered ivith the mechanism of’renal hypertension there has 
been deliberate damage to the anterior lobe. 

The significant decline in lilood pressure which occurred in some instances 
during the first month after removal of the posterior lolie is not due to the removal 
of an essential pressor hormone, for it was oliserved in only one-third of the ani- 
mals. Moreover, replacement of pitressin in doses adequate to control the 
diabetes insipidus was without effect on the blood pressure. Similar observations 
on dogs following section of the neurohypophyseal stalk were noted bj" Sattler 
and Ingram (5). It might be claimed that the difference of minimal dosage for 
the Vasopressor and antidiuretic effects would invalidate this argument, but on 
the other hand if the animals which did maintain their lypertension vith diabetes 
insipidus had an amount of hormone inadequate for water control how much less 
adequate would it be for maintenance of hypertension 1 

It is most likelj’’ that the invariable fall of blood pressure after complete ly- 
pophysectomy is due to removal of the anterior lnq5oph3"sis. Further experi- 
mental evidence for this is reported in another paper (9). 

SUMMARY 

Partial ligation of one rbnal arteiy is as likely to produce hypertension in rats 
after posterior hypophysectomj’- as in normal animals. Ablation of the posterior 
lobe alone does not consistentlj'- lower the blood pressure of hj^pertensive rats. 
Pitressin in amounts sufficient to relieve the diabetes insipidus does not restore 
the pressure of those rats in which a decline was observed. Sham h 3 ’’poph 3 ^sec- 
tom 3 ’’ does not alter the course of the h 3 'pertension. 

By contrast, complete h3q)oph3'^sectom3’’ lowers the blood pressure of h3q)erten- 
sive rats. 

The posterior lobe is not necessaxy for the initiation or maintenance of experi- 
mental renal h 3 ^per tension. 


REFERENCES 

(1) Clajxk, G. and S. C. Wang. This Journal 127: 597, 1939. 

(2) Sattler, D. G. Proc. Soc. Exper. Biol, and Med. 44: 82, 1940. 

(3) Griffith, J. Q. and D. J. Ingle. Ibid. 44: 538, 1940. 

(4) Rasmussen, A. T. and W. J. Gardner. Endocrinology 27 : 219, 1940. 

(5) Sattler, D. G. and W. R. Ingr.am. Ibid. 29: 952, 1941. 

(6) Ogden, E., E. W, Page and E. Anderson. This Journal 133: 401, 1941. 

(7) Wilson, C. and F. B. Byrom. Lancet 1: 136, 1939. 

(8) Williams, J. R., T. R. Harrison and A. Grollman. J. Clin. Investigation 18: 373, 

1939. 

(9) Anderson, E., E. W. Page, C. H. Li and E. Ogden. This Journal 141: 393, 1944. 



RESTORATION OF RENAL HYPERTENSION IN HYPOPHYSEC- 
TOMIZED RATS BY THE ADMINISTRATION OF 
-YDRENOCORTICOTROPIC HORMONE 

EVELYN ANDERSON, ERNEST W. PAGE, CHOH HAO LI and ERIC OGDENi 

From the Instihitc of Experimental Biology and Obstetrics and Gynecology and the Division of 
Physiology and Medicine, University of California, Berkeley and San Francisco- 

Received for publication January 15, 1944 

The influence of the hypoph 3 ’’sis on blood pressure tvas recognized by Cushing 
(1) and by Holmes (2) in their clinical observations of cases of pituitary tumors. 
The 3 ’' called attention to the hj’^potension associated with pituitary insufficiency 
in patients with craniopharyngiomata and chromophobe adenomata. Recently 
Escamilla and Lisser (3) have published an extensive survey of the reported cases 
of Simmonds’ disease. The 3 ^ found in a series of 101 verified cases of pituitary 
cachexia, that 38 per cent of the cases had systolic blood pressure readings below 
90 mm. Hg. 

Page and Sweet (4) first showed that removal of the pituitar 3 ^ of hypertensive 
dogs reduced the level of the blood pressure markedly ; however, a further increase 
in constriction of the renal artery produced a rise in blood pressure though less 
marked and not sustained. The observations of Goldblatt et al. (5) are less 
conclusive in this regard. In their studies, complete hypophysectomy did not 
prevent the development of experimental renal h 3 ’-pertension and they concluded, 
therefore, that the h 3 ^poph 3 ^sis pla 3 ’^ed no significant part in the pathogenesis of 
experimental renal hypertension. This latter view is not entirel 3 '’ consistent with 
the experimental proof of a relationship between the adrenal cortex and the 
hypoph 3 ^sis. 

It has been well established b 3 '' several investigators (6, 7, 8, 9, 10) that the 
adrenal cortex is a necessar 3 ’^ part of the mechanism by which renal h 3 ’^pertension 
is produced and sustained. Since the adrenal cortex is one of the target glands 
under the influence of the anterior h 3 '^poph 3 ’^sis it is to be expected that h 3 ’^poph 3 ’’- 
sectomy which is always followed b 3 ’^ a decrease in the function of the adrenal 
cortex would lower the blood pressure of renal hypertension. The findings of 
Page and Sweet (4) bear this out. The data presented in this paper cany the 
evidence another step toward this conclusion. 

Experimektal. The methods employed in this study have been described 
in a previous communication (11). Male rats approximately 2 months of age 
were made h 3 fpertensive b 3 ^ a partial ligation of the left renal arteiy. After the 
blood pressure had reached a h 3 y)ertensive plateau, which occurred usuall 3 ' in 6 
to 10 weeks, the animals were h 3 ^poph 3 ’-sectomized. The blood pressure fell in 
evcr 3 r case, the amoimt of fall depending upon the length of time in which the 

1 Now at The Universitj' of Te.xas, Meclic-al Branch, Galveston, Texas. 
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animal had been hypertensive.® In veiy few instances did the blood pressure 
fall to below 120 mm. Hg which is probabl}'- about the upper limit of normal values 
(table 1). Before h 3 'poph.ysectom 3 ’-, the average blood pressure reading in the 
group of h 3 ’-pertensive rats in this table was 181 mm. Hg. During the second 
week after h 3 '^poph 3 "sectom 3 ^ the mean blood pressure for the group had fallen to 
137 mm. Hg. The average drop was 44 mm. Hg. 

Two weeks after h 3 ’poph 3 ’'sectom 3 ’- the animals were injected with adrenocorti- 
cotropic hormone prepared b 3 ’- the method of Li, Evans and Simpson (13). This 

TABLE 1 


The effect of hypophysectomy and of replacement' therapy with adrenocorticotropic and 

lactogenic hormones on renal hypertension 


BEFORE 

IIVPOPHYSECTOMY 

AFTER 

nvpopjiysECToiiY 

1 ADRENOCOSTICOTROPIC FOR 10 DAYS 

B.P. 

B.P. 

Dose 

B.P. 

Period of decline 

(1) 

(2) 

(3) 

G) 

(S) 



mgm.fday 


days 

205 

124 

3.0 

198 

10 

180 

160 

3.0 

205 

11 

205 

102 

3.0 

200 

11 

162 

138 

3.0 

175 

11 

165 

120 

1.0 

184 

7 

188 

120 

1.0 

170 

5 

235 

105 

1.0 

215 

4 

175 

140 

0.1 

165 

3 

170 

130 

0.1 

143 

5 



lACTOGENIC nORltOKE FOR 10 DAYS 

151 

129 

3.0 

127 


160 

129 

3.0 

132 


175 

123 

3.0 

119 

’ • 


(1) Average of 6 readings taken during the 2 weeks before hypophysectomy. Hyperten- 
sion established 3-48 weeks before hypophysectom 5 % 

(2) Average of 4 readings taken during the 2nd week after hj'pophysectomy. 

(3) The daily dose was divided and given in 3 injections. 

(4) Blood pressure on last day of injection. 

(5) Number of daj's after the last injection before blood pressure returned to pre-injec- 
tion level. 

preparation has been found to be free of other anterior l^TpopIyseal hormones b 3 ’’ 
biological tests. Furthermore, from electrophoretic, sedimentation and solu- 
bilit 3 ’- experiments, the preparation appears to be a single substance. The 
hormone was administered in dose levels of 0.1 mgm., 1.0 mgm. and 3.0 mgm. 
dail 3 ’’ for 10 da 3 '^s. Each daiB*^ dose was divided and given in tlnee intraperito- 
neal injections. B 3 ’' this method of administration 0.2 mgm. of the pure hormone 

* Compare the findings of Page, Patton and Ogden (12) that removal of the affected 
kidney in rats hypertensive from unilateral renal artery’’ obstruction lowered blood pressure 
in proportion to the duration of the hj'pertension. 
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dail}' is sufficient to maintain the preoperative adrenal weight in male rats lij'- 
poph 3 ^sectomized at 40 daj^s of age. 

Three of the animals were injected Avith a lactogenic hormone under similar 
conditions as aliove, using 3.0 mgm. intraperitoneallj^ dailj^ for 10 daj's. The 
lactogenic hormone Avas prepared b}’- the method of Li, Simpson and Evans (14) 
and had been shown to be chemicall}' pure bA"- electrophoretic, solubility and 
diffusion tests. The actmty Avas 25 to 30 lU/per mgm. These three animals 
sei’A^e to control the possibility of our observations being influenced bj" sub- 
stances from the anterior pituitaiy other than adrenocorticotropic hormone for 
in spite of the fact that the lactogenic hormone is closelj' allied chemicallj’-, indeed 
difficult to separate from the adrenocorticotropic fraction,it hadno influence upon 
the blood pressure. This illustrates the specificit}'- of the effect obserA’-ed. 

The data are presented in table 1. It aauII be seen that the adrenocorticotropic 
hormone AAffien giA'^en in amounts as Ioav as 0.1 mgm. dailj'" causes a significant rise 
in blood pressure; a dose of 1.0 mgm. daih’- seems to giA^e complete functional 
replacement as judged hy the return of the blood pressure to the pre-h 3 rpoph 3 'Sec- 
tom 3 ’’ level. A higher dose of 3 mgm. dail 3 ’" had a similar effect. It did not cause 
the blood pressure to rise aboA’e the h3’-pertensiA'^e leA'^el present before h3’-poph5'- 
sectom 3 L HoweA^er, the h 3 'pertension AA'as sustained for a longer period AAlth the 
larger dose. The lactogenic hormone had no effect upon the blood pressure level . 

Discussion. In addition to clarifying the relationship betAA-een the pituitaiy 
bod3" and experimental liA^pertension, these findings add to the groAAing bod3’' of 
eAudence that the adrenal cortex pla3fs an important and essential part in the 
renal pressor mechanism. It appears increasingly evident that this mechanism, 
so far from being a laborator3^ or pathological curiosity, responds rapidl3’- and 
regularl3'^ to moderate plysiological stimuli and is probabty normall3' helping to 
maintain the cardiovascular S3’'stem in a state of ph5'siological homeostasis; and 
it ma3’^ Avell be that we should look to the renal pressor S3"stem for the clue to 
understanding the mechanism of endocrine influence upon blood pressure. 

SUMMARY 

Hypoph3’’sectomy causes a fall of the blood pressure of rats AAnth renal h3’'per- 
tension. The blood pressure does not fall to a normal leA’^el except in those ani- 
mals in Avhich the hypertension has been present less than one month. A 
purified adrenocorticotropic hormone aatU restore the renal Iwpertension to the 
pre-h3’-poph3'sectom3' leA'el. Lactogenic hormone in pure form does not shoAV this 
effect. 
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The areas of the cerebral cortex to which the acoustic sj^stem projects have 
not been reported in detail in the dog, althougb Ferrier (7) pointed out many 
years ago that the middle ectosylvian gjTUS of tliis animal is the cortical zone 
for hearing. Woolsey and Walzl (21) recently bave shovm that the cochlea is 
represented in the cerebral cortex of the cat by electrical stimulation of the liony 
spiral. Preliminary reports of audio frequency localization in various species 
also have appeared in recent literature. Studies now in progress on the acoustic 
association connections of the dog made necessary a more exact investigation of 
the areas receptive to tones in tliis species. Experiments to this end, both by 
"audio and electrical stimulation, were therefore undertaken, the I’esults of which 
are presented in the following pages. 

Methods. The animals were deeply anesthetized vdth nembutal or irith a 
10 per cent urethane solution of Dial-Ciba.^ Usual surgical supportive measures 
maintained the condition of the animal. The ectosylvian and sylvian gyii were 
exposed irith a circular cranial opening, ivhich was liberally surrounded irith 
cotton soaked in Ringer’s solution. A sheet lead ring 9 cm. outside diameter 
and 6 cm. inside diameter was embedded in the cotton, concentric to the opening. 
The ring was grounded and through a cotton bridge soaked in Ringer’s solution, 
served as the indifferent electrode (4). The active electrode was a cotton ivick 
moistened with Ringer’s solution wliich Avas moA’^ed oA'^er the cortex in 1 to 2 mm. 
co-ordinate cliAusions. The indifferent and actNe electrodes AA'ere led through 
1.0 mfd. condensers to the input of a 5 stage differentially balanced push-pull, 
amplifier aaIiosc output Avas fed into a cathode ray tube. 

Acoustic stimulation. The audio frequency'- signal was generated bj^ an oscil- 
lator (6), AAhose output AA'as fed in another room into the gilds of a 79 tube (19). 
Direct current impulses sjmchronized AAlth the SAA'eep circuit of the oscillogi'aph 
Avere fed into the gild circuit of a 6F6 poAA'er amplifier tube, operating beloAv 
the plate current cutoff point. The Aoav of plate current in the 6F6 tube, caused 
by these pulses, activated a relay AAhich ehminated a high negative gild bias 
voltage in the 79 tube, alloAAlng the audio signal to floAV into a baffled loud- 
speaker. An attenuator Avas placed in the hiput chcuit of the 79 tube to reduce 
the minimum output of the oscillator. The output of the oscillator Avas con- 
sidered constant OA’er the range of 100 to 8000 cps. 

For, uni-lateral stimulation, after destruction of the cochlea of the opposite 

1 Aided by .n. gi-.-int from the Research Council of the Oregon State System of Higher 
Education. 

= The Dial-Ciba Avas kindly placed at the author’s disposal by the Ciba Company. 

397 



398 


AKCHIE R. TTJNTURI 


ear, a loudspeaker was placed dii-ectl}’’ opposite the animal’s ear at a distance of 
about 1 meter for the contra-lateral and. ^ meter for the ipsi-lateral side. The 
initial click free wave front from the loudspeaker constituted the physiological 
stimulus. Because of non-uniformity of any loudspeaker response (16), modi- 
fication of sound by conduction, and lack of suitable microphonic equipment, 
no calibrations were made in terms of decibels. In conformity uith neurophysi- 
ological methods, the stimulus value is denoted as threshold, maximal, sub-maxi- 
mal and supra-maximal for the cortical response. The cortical focus of a fre- 
quency was deteiTnined by using a minimum threshold stimulus. 

A microphone situated at the level of the oval nandow was connected through 
another amplifier into a second cathode ray tube. ■ 

Electrical sHmulaiiori: After exposure of the cochlea, stimulating electrodes, 
consisting of the tips of a pair of no. 40 enamel covered copper vires, were placed 
on the bony lamina 0.5 to 0.7 mm. apart. Tlie shock was a condenser discharge 
of a magnitude causing a threshold cortical response. 

Twelve dogs were used in the present study; 3 for ipsi-lateral, 3 for contra- 
lateral, and 1 for both contra- and ipsi-lateral audio freqiiencj’' stimulation; 
4 for ipsi-lateral and 1 for contra-lateral electrical stimulation of the. cochlea. 

Results. Responses from the contra-lateral cortex possessed a lower thresh- 
old than those of the ipsi-lateral side. On both sides the usual initial response 
for the focus of a frequency was surface positive (fig. 5). With supra-maximal 
stimulus values, small surface positive responses were recorded for a distance of 
several millimeters from the suprasylvian and the dorsal portion of the coronal 
gyri. Initial negativity was encoimtered in all experimehts in various parts of 
the cortex, but was consistently present along the middle and anterior ectos.yhdan 
gjTi bordering upon the suprasylvian sulcus (fig. 3). The negativity was ob- 
tained to all audio frequencies, to the electrical shock, and has been olDserved to 
click stimulation. One point was respon.sive to a wide range of frequencies. 

Contra-lateral side. Figure 2 illustrates the foci of response for various fre- 
quencies of the dorsal area (fig. 1) along the middle ectosjdvian gj'rus, high fre- 
quencies anteriorly and low frequencies posteriorly. Thre.sholds varied with 
frequency — decreasing toward the high. The outlines represent the re.sponsive 
area for each frequency studied at its own threshold value. In general, response.s 
were largest near the centers of the foci, with dimini.shing size and variation of 
latencies as the periphery vas approached. The foci were arranged linearly 
about 2 mm. apart, vith neighboring frequencies related to each other as octaves. 
Re.sponses to 20000 cycles, the maximum output of the oscillator, were found 
anterior to and overlapping considerably A^ith the area for 16000. A moderate 
concentration of foci was obseiwed for frequencies 100 to 400, 

Ventrally, on the anterior ectosylvian gAUVis, responses Avhich required a stimu- 
lus supra-maximal for the dorsal area were obtained to frequencies 100 to 800, 
but A\ith smaller inteiwals. Frequencies 4000 to IGOOO elicited responses from 
the posterior ectos 5 dAian gjuus vith a similar pattern; 800 and 4000 appeared 
to spread toward the ectosyhian sulcus. Responses to 1600 and 2000 were 
recorded from these areas into the region of the sulcus and the s 34 Aian gj'nis. 



AUDIO FREQUEA’Cy LOCALIZATION IN ACOUSTIC CORTEX 


399 


Discrete foci from the sylvian gyrus were obtained infrequently. Under deep 
anesthesia (fig. 2) responses to 4000 were limited to the posterior ectosylvian 
g 3 TUS, and responses to 800 to the anterior ectosjdvian gjnus, spreading slightly’- 
upon the sj^hdan gjnus. Localized points of response to 1600, 2000 were found 
upon the s\d\dan and posterior ectosjdvian gyid. Under lighter anesthesia, the 
areas for 400 and 800 spread upon the anterior portion of the .sjdvian gyrus, 4000 
spread from the posterior ectos 3 d^dan gjnus over the S 3 dvian gyrus, and 1600, 
2000 extended from the margins of the area responsive to 16000 across the S 3 d%dan 
g 3 n’us to include a large portion of the area for 800. The responses to 800, 1600, 
2000 and 4000 upon the S 3 dvian gyiais Avere small, 50-100 microAmlts. In the 
latter experiment the S3dAdan g3u-us Avas remoA^ed along the ectos3dAdan sulcus 
and the adjacent Avails of the ectos 3 dAdan g}n-us were explored. Responses Avere 




Fig. 1. Dorsal and ventral areas in the acoustic cortex of the dog in which localization to 
audio frequencies was demonstrated. 

Fig. 2. Dorsal and ventral areas for frequencies designated at upper right. Right cortex; 
loudspeaker 0.75 meter from left ear; right cochlea destroyed. Only an occasional response 
from the sylvian gyrus. AEG, anterior ectosylvian gyrus; MEG, middle ectosylvian gyrus; 
PEG, posterior ectosjdvian gyrus. 

obtained anteriorU’^ to 400, 800, 1600 and 2000; behind and dorsalL^ to 800, 2000 
and 4000. Frequencies of this A’^entral area AA'ere arranged in an iuA’^erse order 
to those of the dorsal area. 

Ipsi-latcral side. The distribution of the responsive foci for the ipsi-lateral 
side resembles the contra-lateral side in detail. 

Electrical sliimilaiion (fig. 4). Stimulation of the ventral curA'e of the base 
of the cochlea AA-ith a condenser discharge at threshold strength gaA'^e a responsiA'-e 
area in the anterior end of the middle ecto.s34vian g 3 TUS. With supra-maximal 
stimulus, an area Avas outlined upon the posterior ectosyhdan g 3 Tus. Stimula- 
tion of the middle coil produced a responsiA’-e area in the mid portion of the middle 
ectosA’lAdan g3TUS, AA-ith or AAithout its area of high threshold on the anterior 
portion of the s34A’ian g 3 Tus. The A’^entral area on the S 3 dA-ian g 3 a-us, AA'hen demon- 
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Fig. 3. Area of tlie dog cortex from which initially negative responses were most con- 
sistently obtained. 

Fig. 4. Left cortex. Left cochlear spiral stimulated at the ventral points of the apical, 
middle, and basal turns. No responses from the S3'lvian gj'rus. 

For figures 3 and 4; AEG anterior ectos 3 ’lvian g 3 'rus. MEG, middle ectosylvian g 3 ''rus. 
PEG, posterior ectos 3 dvian g 3 'rus. 

Fig. 5. Maximum responses obtained from the various areas illustrated in figure 2 to 
audio frequcnc 3 ' stimulation. Ijcft column: dorsal area. Right column: ventral area. The 
microphonic record of the sound is given below the cortical response except for 4000, SOOO, 
ICflOfl of the dorsal area and 8000, 16000 of the ventral area, for which the carbon microphone 
was insensitive particularh' at low intensities. Time: 60 cps. Amplitude: 400 microvolts 
(for responses onh-). Downward deflection: surface positive. 
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strated at identical stimulus values to those of the apex and base, occupied onl 3 ^ 
a few square millimeters, mth small responses. Stimulation of the apex acti- 
vated a region on the posterior extremity of the middle ectos 3 d^dan gjTus and 
vith stronger stimulation a focus upon the anterior ectos 3 d\’ian gju’us. The 
dorsal and ventral areas were bilateralty represented irith gi-eater activation on 
the contra-lateral cortex for equal stimulus values. 

Discussion. Ferrier (7) and Luciani and Tamburini (11) earlj’- concluded 
that the middle ectosylvian gyrus in the dog was an important landmark of the 
acoustic system, although Luciani (10) later found the cortical acoustic area 
to be more extensive. Munk (14) and Larionow (9) emphasized the temporal 
lobe as an “auditory sphere.” Their phj^siological experiments, however, do not 
distinguish between the interruption of discrimination and that of association. 
The present investigation substantiates Luciani’s (12) phj’^siological demonstra- 
tion for the existence of an “uncrossed” pathway" to the cerebral cortex of the 
dog. Babkin (15) in Pavlov’s laboratory found that absolute deafness super- 
vened onty when the anterior ectos 3 d\dan and middle ectosjdAuan gjui were in- 
cluded in their temporal lobe lesions. Pavlov attributed the loss to subcortical 
structures. Temporal lobe lesions invohdng the posterior portion of the area 
outlined in the present investigation disturbed transient!}" conditioned alimentary 
reflexes to individual tones, but seriousl}" impaired discrimination of ascending 
and descending tonal scales. The experiment of Eliason, described in Pavlov’s 
book, deserves mention. A reflex was established to a chord, 85-256-768 dv. 
Each component produced a reaction less than the entire chord but equal among 
themselves. The lesions, including the acoustic area of the present demonstra- 
tion vdth the exception of the anterior portion of the anterior ectosjdvian gjuus, 
resulted in loss of response to 768, but increased reaction to 85 and 256; 768 
with re-enforcement reassumed its conditioning properties. The lesion removed 
the gi’eater portion of the ventral area responsive to 800, leaving intact areas 
for 100, 200 and 400. 

Results of audio frequencj" stimulation are supported b}" electrical stimulation 
of local regions of the cochlea. Both phases of the present investigation show 
in the dog that the extent of cortical localization and its divisions into two areas 
differing in location, threshold, and pattern are similar to the condition described 
in the cat bj" 'Woolsej" and Walzl (21) bj" the electrical method. For their 
“primaiy” and “secondaiy” areas, dorsal and ventral, respectivety, have been 
substituted to avoid implication of knowledge of the functions of such areas. 
Audio frequenc}" stimulation adds information concerning locahzation which is 
unobtainable to electrical stimulation. As at the cochlear level (18) , the arrange- 
ment of successive octaves at equal intervals is apparent in the dorsal area of the 
cerebral cortex. Tliis was shown by Woolsej" and Walzl (21) for the basal turn 
of the cochlea. The moderate concentration for 100 to 400 ma}" be due to 
harmonic distortion since strong stimulus values Avere used. However, separa- 
tion of foci indicates the actiAuty of the fimdamental. If the distance betA\"een 
tAA'o foci of excitation (or inhibition) in the cortex is necessaiy for the discrimina- 
tion of tAA'o tonal stimuli, this suggests an explanation aa'Iia" the intervals of the 
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chord, thirds, fifths, eighths, etc. of the harmonic scale are recognized as equal 
or identical irrespective of pitch level. 

The ventral area does not exhibit the same relation of interval to distance, but 
concentration of foci of the high and low frequencies with dispersal of the inter- 
mediate frequencies. However, within the areas of concentration, slight shifts 
of foci are evident. Such a pattern ma3* be merely apparent because irradiation 
with intense stimuli, possible at several levels, namely, cochlear (8), geniculate 
(21) and cortical (1), could account for less discrete localization. Or, it may be 
real, for the development of the middle ectosyhdan sulcus in the dog, together 
with the demonstration of responses within the sulcus, and the diminutive char- 
acter of responses from the sjdvian gyrus would indicate lengthening and dis- 
persal of the cortical area for the intermediate frequencies, as well as reduction 
in the number of fibers to the S 3 dvian gjTUS. The responsive area in the present 
work agrees well with Campbell’s (5) liistological tjqje for ectosylvian B cortex, 
but disagi’ees with the statement that the ectosylvian A cortex is the main pro- 
jection area. His classification is supported bj^ neuro-physiological investiga- 
tions in other systems (2, 3, 13). 

Retrogi’ade studies (17) and Wallerian degeneration (20) on connections of the 
medial geniculate bodj'- with the cortex in the cat support the oscillogi'aphic 
studies of Woolsey and Walzl (21). 

Consideration of the electrical sign of cortical afferents and latency measure- 
ments must be postponed until further data are available. 

CONCLUSIONS 

Foci responsive to audio frequencj'^ stimulation have been demonstrated in 
the cerebral cortex of the dog. These foci occupj" the middle ectosylvian gj^rus 
(dorsal area), high frequencies located anteriorljq low frequencies posteriorljL 
Successive octaves were arranged at equal intervals along the cortex. 

A ventral area possessing an inverse arrangement of frequencies and a higher 
thj-eshold was demonstrated with frequencies of 100 to 400 concentrated upon 
the anterior ectosylvian gyrus, 8000 to 16000 upon the posterior, and the inter- 
mediate frequencies dispersed over the sylvian gj^rus and middle ectosylvian 
sulcus. 

Each ear was represented bilaterallj’^ Avith the same pattern, but more strongly 
for the contra-lateral side. 

Electrical stimulation of the bonj’^ spiral of the cochlea supports these ob- 
servations. 

Acknowledgment and gratitude are due Dr. Wm. F. Allen, Avhose devoted 
counsel and guidance haA’^e inspired this inA'^estigation. The author, also, AA'ishes 
to acknoAvledge a special debt to Fred Claussen for his assistance in the problem. 
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With the usual type of caloric stimulation, the direction of the caloric nystag- 
mus depends on the position of the horizontal semicircular canal (Barany, 1911; 
de Kleijn and Lund, 1924; Dolilman, 1925). This is the strongest argument 
against Bartels’ (1922) assumption that the caloric nystagmus is caused by a 
direct inhibitory action of low, and excitatory effect of high temperature upon 
labj'rintlhne receptors, and speaks in favor of Barany’s theoiy that the change 
in temperature produces an endoLmiph flow in the semicircular canals. Meas- 
urements of the temperature changes induced in the inner ear ly douching the 
external auditoiy meatus (Meuman, 1924; Frenzel, 1925; Dohlipan, 1925; 
Schmaltz, 1925), calculations (Schmaltz, 1925, 1932) and direct observations 
(Rossi, 1915; Maier and Lion, 1921 ; Steinhausen, 1931) support Barany’s theoiy. 
However, they do not exclude the possibility of other effects of the calorization 
upon the labjuinth, laesides the production of an endoLunph flow. Such ly- 
effects are suggested by various e.xperiences; e.g., caloric nystagmus could be 
elicited in pigeons in wliich the semicueular canals had been eliminated (Borries, 
1921), or in some patients in whom rotation failed to produce ocular reactions 
(Mj'gind, 1925). Furthermore, Spiegel and Ai-onson (1933) observed on con- 
tinuous caloric stimulation of the labjninth that in some instances the position 
of the head failed to influence the direction of nystagmus. These observations 
could not be explained li}'- Bai'any’s theory and were the starting point for the 
following experiments, in which the possibility of a depressor effect of cold upon 
labjuinthine receptors was tested, in cats and rabbits (experiments in 29 animals). 

In a first series of experiments it was ascertained whether application 
of cold had such an effect upon the receptors in the ampullae of the semicircular 
canals. 

Cats were rotated on a Barany chair 10 times in 20 seconds and duration and 
frequency of the postrotatoiy nystagmus Avere determined before and during 
prolonged application of cold to both ears. For calorization, u-shaped cannulas 
were inserted in both external auditory meatuses, as symmetrically as possible; 
or thej’ were pushed into the tympanic caAnties after perforation of the drums. 
By means of a t-tube the cannulas Avere connected to a container that AA'as filled 
AA-ith ice Avater and fixed about I5 m. aboA*e the animal, and by means of a second 
t-tube the outfloAnng Avater Avas collected. The temperature of the AA'ater Avas 

^ The AA'ork described in this paper was done under a contract, recommended ly the 
Commitee on Medical Research, between the Office of Scientific Research and Develop- 
ment and Temple Dni\'ersity. 
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measured before, and after, it passed through the cannulas. The mean of these 
two values permitted an estimate of the temperature of the cannulas. 

These experiments failed to show significant differences in the duration and 
intensity of the postrotatory nystagmus before and after prolonged perfusion 
of the cannulas vdth cold water that ivas lowered from 20°C. to 3°C., even if the 
perfusion was continued for over an hour. In further experiments, the bilateral 
calorization was combined irith application of a direct current of 5 to 10 milli- 
amperes, both metal cannulas being connected to the anode, ivliile a diffuse 
electrode was placed on the abdomen. However, also such a combination of 
cooling and "anelectrotonus” did not have a depressor effect upon the postrota- 
tory nystagmus. The depressor effect of rotation upon the blood pressure 
(Spiegel and D6m4triades, 1922) also remained practically unchanged following 
prolonged calorization. 

In contradistinction to this negative result regarding the influence of cooling 
upon the labju'inthine reactions to rotatory stimuli, a definite effect of cold upon 
tonic labyrinthine impulses was observed in decerebrate cats. The animals 
were decerebrated under ether anesthesia by typical section through the mid- 
brain, and then placed in supine position. A u-shaped cannula was placed in 
the external and middle ear on one side only and again was perfused irith cold 
water. Water of 9° or lielow produced irithin a few minutes a decrease in the 
muscle tone of the homolateral foreleg, particularb’^ in the shoulder, and to a 
slighter extent in the elbow muscles, causing a drooping of this leg; in some 
instances also the opposite foreleg showed a similar effect. This effect outlasted 
the calorization for from 5 to oi’’er 30 minutes, but was reversible. Similar, al- 
though less pronounced, effects could be observed in the extensor tone of the 
forelegs of rabbits irith intact brain, the animals being held in recumbent posi- 
tion, irith the head sjunmetrical to the trunk. Section of the trigeminal root or 
cocainization of the external meatus did not prevent these changes. They could 
also be observed when cannulas were placed into both external meatuses and 
tjmipanic cavities, and one side only was perfused with cold water, so that the 
effect of calorization could be compared with that of mechanical stimulation 
exerted by the cannula. 

The effect of unilateral calorization upon the posture of the head ivas studied 
by keeping the u-shaped cannula, perfused vith cold water, for several minutes 
in the external and middle ear and then quickly irithdrairing it from the ear, so 
that the weight of the cannula and of its tubings filled irith water did not influence 
the posture of the head. It was found that the cold temporarily produced ef- 
fects similar to those seen in unilateral paralysis of the labyrinth : a rotation of 
the head about the oro-occipital axis with the affected ear Ijdng below the normal 
one and turning of the head about a dorso-ventral axis toward the shoulder of 
the affected side. This could be demonstrated in un anesthetized rabbits (fig. 1) 
as well as in cats under bulbocapnine catalepsy. 

The abnoi-mal position of the head produced by unilateral labyrinthectomj' 
in rabbits and cats was reduced by calorization of the opposite ear, but the head 
still remained somewhat inclined to the side of the extirpation. Occasional!}' 
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following unilateral application of cold in rabbits a phenomenon comparable to 
a ‘'rebound reaction” Avas observed, the head being turned first to the affected, 
and then to the contralateral side, before it returned to the normal position. 

In contradistinction to these depressor effects of cold upon static lab^’^rinthine 
impulses influencing the tonus of the extremities and the posture of the head, 
the compensatory deviations of the eyeballs Avere not influenced by the caloriza- 
tion. These latter reactions Avere studied in rabbits. Head and body of the 
animals Avere fixed on a board, a linear scar Avas produced in the cocainized cornea 
bj" cautery, and the board A\ith the animal Avas sloAvly tilted around a bitemporal 
axis of the head from the horizontal into an oblique position by lifting the caudal 
end of the board. Usually an angle of 38° to 4,0° Avas attained betAA’een the board 
and the horizontal plane. The angle betAveen the corneal linear scar and a 
A^ertical line Avas measured bj’’ a spy glass in the various positions of the animal. 
l\o significant differences between the compensatoiy dcAnation before and during 
prolonged liilateral calorization could lie observed. The counter-rolling of the 
eyeballs Avas 15 to 26° before, 14 to 27° after prolonged calorization. This 



Fig. 1. Rabbit. Calorization of right ear (2° C.) (a, left) before ealorization; (b, right) 
immediately after calorization (2 min.). 

negative result is in agreement Avith experiments by deKleijn and Storm van 
LeeuAven (1917) on rabbits subjected to cold Avater irrigation of short duration. 

The threshold of the vestibular nerve for galvanic stimulation Avas tested by 
monaural or binaural stimulation before and during prolonged calorization. The 
application of cold failed to change this threshold (e.g., nystagmus toAvard the 
cathode at 1 milliampere with as Avell as AA'ithout bilateral perfusion of the 
cannulas Arith water of 3°C.). 

Discussion. These last experiments indicate that the effects of cold de- 
scribed in this paper can not be caused by a change of the excitability of the 
vestibular nerve, since the vestibular reaction to galvanic stimulation depends 
on the state of the A^estibular nerAm; it is lost after intracranial section of this 
nerve (Dohlman, 1929; Spiegel, 1942), but practically unchanged after laby- 
rinthectomy (Neumann, 1910). Thus the depressor effects of cold must be 
ascribed to an effect upon the peripheral labjuinthine receptors. It may seem 
surprising that the application of cold affected only a part of the labyrinthine 
functions. It decreased some static impulses that are supposed to originate in 
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the utricular macula, while the excitability of the receptors for angular accelera- 
tion, the cristae ampullares, and that of the receptors for the compensatory eye 
deviations- was not changed. 

This experience, however, is not without analogjL It should be remembered 
that Arndts (1926), McNally (1927) observed an isolated decrease of muscle 
tone in the homolateral Hmbs without impairment of other labjuinthine reflex 
functions following puncture of the round window in rabbits. The effects of 
puncture of the round window’^ are of interest also for the further analysis of the 
effects of cold. The possibility should be borne in mind that these effects could 
be caused only partlj^ by a direct depressor action of the cold upon lab 3 Tiinthine 
receptors, and partlj’- by indirect effects of the decrease in temperature. One 
possibility is a decrease in intralabju-inthine pressure, which may at least in part 
be caused by vasoconstriction. It was, therefore, tried to ascertain the effect 
of perfusion of the external meatus with cold w'ater upon the intralabjuinthine 
pressure, using Hughson’s (1932) method of estimating this pressure in cats.® 

These experiments, however, did not give a completely satisfactoiy result. 
Although in some cases a slight fall of pressure was observed on prolonged 
calorization, the pressure did not regularlj’- return to the initial value after the 
application of cold was stopped, apparentlj’- because in these prolonged experi- 
ments a sUght leakage between the needle of the manometer and between the 
bone could not be completely avoided. It was, therefore, tried to approach the 
problem in a different waj’’, viz., b}’- comparing the effect of unilateral application 
of cold with that of contralateral decrease of intralabyrinthine pressure bj’- punc- 
ture of the round window. Such a comparison show-ed in rabbits that the effect 
of calorization was more extensive than that of the puncture. While the latter 
operation produced, in agreement with the findings of Arndts, McNalty, onlj’- a 
decrease of tonus in the ipsilateral limbs, particularlj' in the foreleg, the applica- 
tion of cold induced also a change in the posture of the head that became inclined 
to the cooled side. 

Thus the depressor effect of cold upon static labyrinthine impulses can not be 
explained bj' decrease of intralabjuinthine pressure alone, although a possible 
participation of this factor should not be denied. Furthermore importaht ob- 
jections against Wittmaak’s hj'di’ostatic theorj’- of direct stimulation of the 
vestibular receptor cells have been raised bj' Steinhausen (1935). Tliis author 
points out that a direct excitation could onty be produced bj’- a lydrostatic 
pressure above 300 atmospheres. He tries to approach an understanding of the 
hmction of the otoliths bj’' calculating the pressure exerted bj' them upon the 
macula. This pressure. A, equals the weight of the otolith in air, ty, minus the 

IF 

weight of the displaced endoljTnph (The specific gravity of the latter s is 

- The receptor apparatus for these reflexes is uncertain; Lorente de No (1931) points out 
that not only the otoliths, but also the semicircular canals may participate in the genesis 
of these reactions. 

= In some of these experiments the water bubble manometer de%nsed by Dr. Rubin Lewis 
was used. I wish to express my appreciation to Doctor Lewis for lending me this manom- 
eter and advising me as to its use. 
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assumed to be equal to that of water.) The specific gravity of the otolith, S, 
is according to Ulrich’s (1935) measurements on the pike 2.93. In view of the 
fact that the otoliths have the- same chemical constitution (CaCOs, aragonite 
crystals) in various species, this value ma}" be used in the following equation: 


A = ..,.(1) 

At the temperatures Ti and To differing bj" f, Ai — IF ^1 — 2^^ ’ 

A^=w(l- 

\ 2.93 / 

A, - A, = IF ~ (2) 


In these equations, Si and So are the specific gravity of water (endoljmiph) at the 
temperatures Ti and To. c is the coefficient of cubical expansion; it is for maible 
0.3-0.6 X 10-h 

The measurements of Schmaltz (1932) show that sjuinging of the external ear 
with 1000 cc. HoO of about 10° produces a drop of temperatm’e in the inner ear 
of about 4°. Thus f = 4°; Si at 38° equals 0.99299 and Sj at 34° 0.99440. Sub- 
stituting these values in equation (2) one arrives at a A-alue — Ao = 4.1 X 
lO-^lF. 

The question arises whether such a change of otolithic pressure upon the hairs 
of the macula reaches the threshold. Unfortunately few data are available that 
would pei-mit one to estimate this thi-eshold. Grahe (1927, 1932) found that 
deviations of 1-3° in the position of the head from the vertical (in the frontal 
plane) can be perceived. In these experiments the head was in fixed relation- 
.ship to the trunk so that asymmetrical impulses from the neck muscles were 
excluded. Although the part played b.y proprioceptive impulses from other 
parts of the bodj’- in the perception of position should not be overlooked, the 
importance of the labyx’inth is indicated by the experience that following uni- 
lateral elimination of this organ the perception of the vertical direction is shifted 
toward the affected side. The significance of the otoliths in the perception of 
position was strikingly demonstrated by studies of Quix and Eijsvogel (1929). 
These authors found that subjects are able to estimate with great accumc}’- the 
inclination to the vertical direction in those positions in which the otoliths press 
upon the maculae, but make grave errors in positions in which otolithic pressure 
upon the maculae is absent. It may, therefore, be of interest to calculate the 
change in otolithic pressure, if the head is brought from the normal into an 
oblique position. 

If we assume that the otolith of the utricle is approximate!}^ horizontal in the 
normal position of the head, so that the pressure Ar of the otolith acts in the 
vertical direction, inclination of the head bj' a degrees will be associated with an 
inclination of the macula of the same extent. The pressure of the otolith in the 
direction perpendicular to the macula will be A,, = Ar X cos a, and the dif- 
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ference of pressure associated Yuth a perception ytII be At. — A'o = At. (1 — 

cos a).. According to equation 1, Av equals 0.66TF. For an angle of 2°, — 

Ao = 0.66TT^ X 6 X 10“^ = 3.96 X 10~W. For an angle of 3°, A^ — Ao — 

0.66TF X 14 X 10"’* = 9.24 ^ 10~^]F. Thus the change in otolithic 

pressure produced bj' the cooling of the endolj^mph, 4.1 X 
seems to lie \\dthin the range of or close to the pressure changes accom- 
pamdng the inclination of head and bodj^ in Grahe’s experiments. The 
cooling effect in the present experiments probably was more intense than 
in the instances measured by S.chmaltz, since he douched the external meatus, 
while here the cannula usuallj'- was pushed into the t 3 ’'mpanic cavit 3 q and the 
perfusion was often continued for a much longer time. It seems, therefore, not 
impossilile that, besides a direct effect of the cold upon lab 3 Tintliine receptors, 
simple ph 3 ’-sical effects of the cooling could at least partb* be responsible for the 
depressor effect of cold upon tonic lab 3 Tinthine impulses. 

SU.MMARY 

A depressor effect of cold upon tonic lab 3 Tinthine reactions is demonstrated 
in cats and rabbits (decrease of the extensor tonus on the side of the cooling, 
inclination of the head toward this side). The possible role of ph 3 'sical factors 
in this phenomenon is discussed. 
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Although temporary intenniption of the blood supply to the brain maj’’ cause 
persistent signs of cerebral cortical damage (Rabat, Dennis and Baker, 1941, 
' among many other investigators), it is not clear whether exposure to an atmos- 
phere low in oxygen tension, in the absence of complicating factors such as de- 
pression bj' anesthesia (Courville, 1941), can produce permanent impairment 
in the survhnng mammal (cf. Armstrong and Heim, 1938; Ford, 1928; Himvich 
et ah, 1938; Horvath et ah, 1941, Levine and Schilder, 1940; Thompson and Cor- 
win, 1938; Armstrong, 1939). The studies I’eported here were undertaken to 
define the extremes of duration, intensity, and repetition of hypoxic exposures 
to which cats could be subjected without permanent central nervous impair- 
ment.- IMany of the tests were performed in connection Antli studies of the 
effect of thiamin deficiency and reduced food intake on resistance to h 3 'po.xia 
(Smith, Oster and Toman, 1944). 

Methods. Unanesthetized mature cats in good health were placed in an 
observation chamber through which nitrogen-air mixtures were passed at a rate 
of flow which reduced chamber ox 3 ’^gen tensions to vitliin less than 1 per cent 
of final value within five minutes. Except where otherwise noted, animals 
w’ere removed to air and revived bj’’ artificial manual respiration W’hen breathing 
had failed to the point of occasional gasps or had stopped complete!}’. The 
length of time that respiration could be maintained was taken as the measure 
of the suiwival time of the animal. This endpoint was suitably sharp and was 
heralded one to two minutes earlier by a rapid decline in respiratoiy rate from 
the hyperpneic level. Resuscitation -was usually successful unless wdtliheld for 
more than two minutes. In suiwdHng animals, recovery time of refle.xes, post- 
ural reactions, and behavior of indhdduals were followed. In some animals 
suffering permanent impairment, electrical activity of the cerebral cortex was 
recorded with an ink-writing oscillogi’aph, using scalp electrodes in the unanes- 
thetized animals or saline wick electrodes applied to the pia under barbitura.te 
anesthesia; brains were fixed by intra-arterial perfusion with formol-acetic- 
alcohol in animals freshly sacrificed, and paraffin sections were stained with 
toluidine blue for examination of cells. 

Results. Induction. When placed in the chamber the cat w’ould usually 
remain quiet for the first two to three minutes. During the next two to three 
minutes the animal exhilfited signs of restlessness (such as mewing, turning 

^ Aided in part by a grant from the Brc-ssler Alumni Research Fund. 

* Preliminarj' report, Federation Proceedings 2: 37, 1943. 
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around), profuse salivation and defecation almost invariably occuii’ing. Less 
frequently, urination vas seen. Inability to maintain an erect posture occurred 
at four to six minutes after the beginning of the exposure and shortly thereafter 
unconsciousness supervened. When the animal survived 10 minutes or longer, 
it occasionally re^dved long enough to lift its head, mew, or even struggle. In 
the early part of the test a “startle” response to a sharp tap on the side of the 
box was greatlj’- augmented. Later tliis response declined to notliing more than 
a slight pupillaiy dilatation. . 

Survival. When resuscitation was begun at the point of respiratory failure, 
onlj^ 6 deatlis resulted from 300 hypoxia tests on 70 animals. The low mor- 
tality made possible repeated trials on individual animals. In the 6 fatal cases, 
a palpable heart beat was feeble or absent during attempted resuscitation. Table 
1 summarizes the survival data for 56' cats on their first exposure to the indicated 
oxj^gen concentrations. Data for the intermediate range are represented graphi- 
callj^ in figure 1. The estimated corrections are for time consumed in reaching 


TABLE 1 

Survival times of normal cats exposed to loxu oxygen concentrations 


Oj (%) 

0 ■ 

I 2J0- 

2.50 

3.00-3.19 

3.20-3.39 

3.40-3.59 

3.60-3.79 

3.80-3.99 

4.00-4.19 


No. or Cats 


5 

8 

6 

13 

8 

( 

4 

2 

Range of survival 










times (min.) 

4-6 i 

5-12 

16-46 1 

18-53 

14-60 

14-64 

15-87 i 

34-60 

Above 

i\'Iean surAUAml time . . . 

5.2 

7.4 

25.1 

27.7 

29.8 

31.7 

1 

36.2 

45.2 

120 

Standard error of 

mean 

0.4 

1 1.3 

3.3 

4.9 

1 

1 3.7 

5.6 I 

13. S 

5.8 


Estimated correction 
of mean 

-3 

-4 

—5 

-5 

1 

-5 

-5 1 

— 5 

“5 


Corrected mean 

9 9 

3.4 

1 

20.1 

22.7 

24.8 

1 

26.7 1 

31.2 

40.2 



the lethal range during the exponential washout period. Standard errors of the 
uncorrected means were approximated by a method for small samples without 
coiTection for skewness. Only initial tests Avere used in constructing the surAUA^al 
data, since acclimatization (increase in surAdAml time) of as much as 80 per cent 
had been observed in some animals at the end of a AA'eek of daily trials. No such 
acclimatization Avas seen Avhen tests AA'ere spaced a Aveek apart. 

Recovery. Earh’ reflex recoA^ery Avas similar except in time-scale to that 
described by Kabat et al. (1941) in the dog folloAA'ing interruption of cerebral 
circulation. In general, recoveiy proceeded from the head caudad, extensor 
responses preceded flexor in the same limb, and loAA'er centers recoA'ered before 
higher. If animals had been promptlj’^ resuscitated, A-ision and the hopping and 
placing reactions returned AA-itliin 10 minutes. In the ensuing hour, such nor- 
mal activities as cleaning of fur AA'ere undertaken and residual ataxia disappeared. 
HoAvever, alterations in behaA-ior and general actiA-ity of indiA'idual animals 
remained for about two hours. In some cats this Avas characterized merel}' Iaa' 
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sluggishness. In many there was a period of abnormally enhanced affectionate 
behavior toward persons in the room. A few normally gentle animals regularly 
fought on return to the group. One animal 'consistently suffered a prolonged 
epileptiform seizure. 

Times of recovery of reflexes and po.stural reactions were followed in one animal 
at six oxygen concentrations from 0 to 4.2 per cent giving survival times of 4 to 
87 minutes. There Avas little variation Avithin this range. For instance, the 
foreleg contact placing reaction returned at approximately 8 minutes throughout. 
In other animals the similar time course of recoA-eiy suggested that it aa'es to a 
large extent independent of intensity and duration of exposure A\ithin the range 
studied, proA'ided a uniform end-point of respiratoiy failure Avas used. 



Fig. 1. Duration of exposure necessarj' to abolish respiration in normal unanesthetized 
cats. Ordinate; heaA^’’ line, mean survival; .shading, standard error of mean. Abscissa: 
ranges of chamber oxygen samples. Data from initial tests on 49 animals. 

Recovery Avas complete and rapid in all those animals exposed for the first 
lime or repeatedly exposed at inteiwals of a week, if they'’ Avere resuscitated 
promptly at the point of respiratory failure. RecoA'eiy Avas complete but de- 
layed in animals Avhose cardiac recoA'eiy Avas delayed up to 90 seconds follomng 
respiratory failure. RecoA^ery^ Avas complete in most animals after repeated 
daily exposures; for example, one cat subjected to 3.2 per cent oxy'^gen 6 days a. 
Aveek for a total of 23 trials recoA'ered AAith usual rapidity^ from the last tnal. 
One animal recoA'ered completely' and rapidly from 15 consecutiA'’e trials in one 
day' Avith pure nitrogen, recoA'eiy between trials being permitted only to the point 
of attempted head-righting. 

Permmienl central nervous damage. FiA’’c animals after from 12 to 21 daily' 
hypoxia surA'iA’al trials (usually’’ 3.5 per cent oxy^gen) shoAved lasting impaiiment 
characterized by blindness, loss of hopping and placing reactions, and general 
depression of actiA'ity'. These A\'ere animals in AA'hich cardiac recovery' AA'as sIoav 
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following the last exposure. Three became moribund within a week. The 
other two were maintained for several months and recovered from the major 
disabilities, but developed a permanent h 3 ’-peractivit 3 ’- and a stereot 5 'ped pattern 
of cage-scratching, which was repeated continually b}'- the most affected animal 
except when feeding. 

Brain sections of the two long-survi\dng animals showed scattered cell damage 
from cerebral cortex to medulla. The small percentage of cellular pathologj'- 
observed was probabh'- related in part to the long period intervening between the 
last trial and sacrifice of the animal. In the cerebral cortex, upper la 3 ^ers of the 
visual cortex showed most destruction; large p 3 a’amids of the motor cortex were 
spared while upper la 3 ''ers showed definite involvement. Of subcortical centers, 
the lateral geniculates were most affected. 

TABLE 2 


Cardiac and cerebral cortical recovery following respiratory failure and delayed artificial 

respiration 


CATKO. 

%0: 

TlilE ATTER RESPIRATORY EAIEURE 

Began artificial 
respiration 

Cardiac recovery 

Recovery of 
foreleg contact plac- 
ing reaction 



sec. 

sec. 

fr.h. 

1 

0 

90 



2 

2.5 

90 

520 


3 ! 

0 

145 

185 


4 

0 

120 

175 

* 

5 

0 

120 

150 

45 

6 

2.5 

55 

145 


7 

2.5 

60 

135 


S 

2.4 

30 

90 

IS 

9 

0 

50 

85 

19 

10 

2.5 

45 

SO 

15 

Control 

2.5 

0 

0 

7..5t 


Blank space = died before ^ecove^J^ 

* Functional decorticate, survived a week, 
t Mean of 8 determinations, range 6 to 10 minutes. 


» 

In three animals showing persistent signs of cortical damage, electrocortico- 
grams revealed continuous slowd 3 ’'srh 3 dhmia with 3 per second waves predominat- 
ing, in contrast to the usual bursts of 6 to 10 per second rlndhm i\'ith intervening 
quiet periods in control animals at the same level of barbiturate anesthesia. 
Electroencephalograms of the conscious animals were inconclusive because of 
individual variations in controls. 

A series of 10 previous^’' unexposed cats were tested in the usual manner 
except that artificial respiration was purposeh' withheld for periods from 30 to 
145 seconds. A palpable heart beat returned in all but one animal, but failed 
again after a few minutes in 4. Of 5 survivors, 4 had a complete but dela 3 'ed 
central nervous recover 3 ', while a single animal remained in the functionall 3 ’ 
decorticate state for eight da 3 'S, then died. The results are summarized in 
table 2, where animals are arranged in descending order of dela 3 ' in cardiac 
I'ecoveiy. ■ 
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Discussion. Weinberger et al. (1940) reported irreversible damage to the 
cerebral cortex of cats after a sLx-minute interruption of circulation. The present 
studies indicate complete recovery from hypoxia over the entire range of values 
just adequate to abolish respiration, pro^dded an additional period of complete 
anoxia due to cii'culatoiy failure is avoided. Tissue oxj'gen tensions must have 
been quite low even in the upper part of this range; Courticc (1941) found cere- 
bral venous oxygen tension to be about 9 mm. Hg p02 in cliloralose-anesthetized 
cats subjected to 6 per cent oxj’-gen in inspired air; in our animals 6 per cent 
oxygen failed to suppress the “startle” response to sound in ser’-eral hours, 
although impairing postural reactions and inducing seizm’es. , 

The difficulty experienced in producing permanent central nervous damage 
by critical exposures to low oxygen tension in inspired air suggests that the 
margin of safety between the time of appearance of such damage and of irreversi- 
ble circulator}- failure is a narrow one under these conditions, as Ford (1928) 
had concluded from similar studies. Possibly the margin may be widened 
somewhat by cumulative effects of previous exposures, but cases of peimanent 
damage in the present report were associated with dela 3 ’’ed cardiac recovery 
following the final exposure. 


SUMMARY 

1. Surtyval data are given for cats breathing nitrogen-air mixtures contaim'ng 
up to 4.0 per cent oxygen. Higher concentrations permitted mspiration for two 
hours or more. 

2. Within the lethal range, exposures for a penod just sufficient to abolish 
respiration did not produce signs of peimanent functional cortical damage 
provided manual artificial respiration was promptly given and cardiac recovery 
was not delayed. 

3. A few cases of permanent central nervous damage were produced after 
repeated daily lethal exposures or delay in resuscitation following a single ex- 
posure. These ivere associated with delayed cardiac recovery and a consequent 
period of complete anoxia added to the duration of the preceding hypoxia. 
Electrocorticogmms from these damaged animals show abnormal waves of the 
three per second type. 
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The inactivation of pressor substances by oxidation has been described. Renin 
was destroyed by heat (1) and activated renin or angiotonin was destroj'ed bj’- 
strong oxidizing agents (2). Pressor amines have been inactivated by enzjnne 
amine oxidase (3) and amine oxidase injected into rats eliminated renin response 
(4). Adrenalin, a pressor amine, has been inactivated by ortho substituted 
phenols in a tyrosinase sj-stem (5). Although potassium thioc 3 ’-anate'has been 
shovm to cause a slight reduction in hj’-pertension experimental!}' produced in 
dogs (6), the dose was proportionate^’' 50 times that in man. Renin has not been 
detected in the blood of normal dogs intoxicated b}' potassium cyanide (7). 
Dopa quinone obtained from dih 3 ’'drox 5 ’^phen 3 d-alanine b}' oxidation vith potas- 
sium ferric 3 ’'anide at pH 8 destro 3 ’'s pressor amines more effective!}" than does 
aeration (8). 

PuKi'osE. It is the purpose of tliis paper to demonstrate the effect of sodium 
thiocyanate on the pressor response of single doses of a renin-like substance 
(hereafter called renin) injected intraperitoneally into rats. 

Methods and results. A crude extract of kidne}" suljstance was used which 
is soluble in water at a pH 4.0 and in 50 per cent acetone and insoluble in ammo- 
nium sulphate solution and in 85 per cent acetone solution. Five milligrams of 
this amorphous substance were equivalent to 1 gram of fresh Iddne}" substance. 
Injected intraperitoneall}" into each of six rats, 5 mgm. of this renin caused a rise 
in blood pressure over 30 mm. above the average pressure vithin an hour. This 
was the prerequisite set forth b}" Freedman (9). A modified Grollman pressure 
apparatus was used. 

These rats were then gii’en subcutaneous injections of 20 mgm. of sodium thio- 
C 3 "anate per 100 grams l^od}" weight each da}" for ten da 3 ’'S. One hour after the 
last injection, the intraperitoneal injection of 5 mgm. of renin was repeated and 
the pressure readings were taken eveiy ten minutes for ninet}" minutes. The 
sodium thiocyanate was discontinued for one week and the intraperitoneal injec- 
tion of 5 mgm. of renin was repeated and the pressure readings were recorded in 
the same fashion. 

The average blood pressure for each rat had previous!}' been established on a 
basis of at least ten readings taken over a period of a month. Tins average was 
subtracted from the average of one rise in pressure elicited by the renin injection. 
All such differences at each ten-minute time interval were averaged. By apply- 
ing the t- formula of Fisher (10), the significance of differences between the 

1 The authors are indebted to Dr. Fritz Bischoff for valuable suggestions and to Miss 
Georgena Clarke for preparation of a renin-like kidnej' extract. 
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means of the respective groups treated A\ith renin alone and those in wliich renin 
followed the subcutaneous injection of sodium thiocyanate was established. All 
factors for P which are less than 0.05 indicate differences that are significant. 
For a gi-aphic expression of these results see figure 1. 

A Aveek following discontinuation of the sodium thiocyanate 5 mgm, of renin 
were injected again intraperitoneally and in each instance adequate pressor effect 
Avas recorded. Although local reactions at the site of injection Avere in no in- 



Fig. 1 Fig. 2 

Figs. 1 and 2. Broken line indicates average blood pressure rise above the normal mean 
at a giA'en 10-minute interval after the injection of renin. 

Solid line indicates average blood pressure rise above the normal mean at a given 10- 
minutc intervml after the injection of renin following the injection of sodium thiocyanate 
in figure 1, and following sodium thiocyanate by mouth in figure 2. 

Arrows indicate points of significant difference between these means. The P factors in 
figure 1 are respectively <0.05, <0.01 and <0.05. The P factors in figure 2 are respectively 
<0.05, <0.02, and <0.05. 

stance remarkable, sodium tluoc3’’anate Avas giA’en by mouth in drinking Avatei 
to obviate the criticism that the anti-pressor effect Avas due to non-specific tissue 
reaction as described by Friedman (6). 

A minimum of 20 mgm. of sodium thiocj''anate per 100 grams bod}' Aveight aa as 
ingested each day in drinking Avater for ten consecutive days. On the morning 
of the eleA'enth day, 5 mgm. of renin AA'ere injected intraperitoneallj'" and the 
pressure readings Avere recorded at ten-minute interAmls as in the first experiment. 
The differences betAveen these readings and the established mean AA'ere compared 
Avith aA’erages at the same time intenml AA-hen renin AA*as injected alone. 1 he same 
statistical treatment of data to detcnnine the significance of differences Avas made 
AAith the results as portrayed in figure 2. 
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Discussion. FolloiN'ing the method of Freedman (9) to determine the pressor 
effect of renin-like material, it was found in each instance that the rise in blood 
pressm-e was equal or greater than 30 nmi. as was described as an essential crite- 
rion. These points of maxiinum reaction occinred at varjdng intervals of time 
after the injection of renin. Thus the average at any given ten-mmute interval 
was a little less than the 30 mm. prescribed. However, the existence of definite 
difference in means in the central portions of both curves seems conclusive evi- 
dence of the reducing effect of sodium thiocyanate on renin pressor reaction. 
Since the discontinuation of the sodiiun'' tliiocyanate allowed the renin pressor 
response to occur again, it would seem that a mechanism such as desensitization 
was ruled out as a cause of the reduction in pressor effect of renin. 

Sodium thiocyanate blood level determinations were run on six rats after a 
series of injections of thiocjmnate similar to those in the first experiment. One 
hour after the last ten consecutive daily doses of sodium thioc3'’anate were given, 
blood level determination was made on blood obtained bj^ intraventricular punc- 
ture under ether anesthesia. In each instance, the blood level was 20 mgm. per 
cent. Although this level was present in all rats at the end of ten daj’-s, two rats 
required additional ten and fifteen days’ dosing before renin pressor effect was 
diminished. Twenty-four hours after discontinuation, the blood levels of sodium 
thiocyanate was 0 mgm. per cent. In four of these rats the reduction of renin 
pressor effect continued for from one to seven da^^'s. In each of these four rats the 
pressor effect was present bj’- the eighth daj' following the discontinuation of 
thiocyanate. 

It was found that the blood levels of thiocyanate in rats receiving the drug by 
mouth ran lietween 6 and 12 mgm. per cent. These rats at these levels showed 
uniformly an obliteration of the pressor effect. 

CONCLUSION AND SUM?tIARY 

1. B3' subcutaneous injection or bj’’ mouth, sodium thioc.yanate will minimize 
the pressor effect of unit amounts of a renin-like substance when injected intra- 
peritonealh' into normal and sensitized rats. 

2. There is some indication that sodium thiocj'anate does not act direct!}’’ to 
perform this function but that it maj^ activate some other mechanism in the body 
which is not so easil}’’ dissipated as sodium thioc^mnate and which will continue to 
eliminate the pressor effect. 
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Since its first description b}'’ Flemming in 1882 the Nissl substance has figured 
prominently in cytological investigations of nerve cells. The striking changes in 
the material brought about by the so-called axon reaction or bj'^ other methods 
have received careful and detailed stud^^ Yet the role of this conspicuous cell 
component in noimal and altered metabolic states continues to remain obscure. 
Within recent years pertinent data have been contributed by Benslej’’ and Gersh 
(1933) and bj"- Caspersson (1940, 1941) on the chemistrj^ of Nissl substance, by 
Gersh and Bodian (1943) on the chemical changes associated vdth chromatolysis, 
and by Turner (1943) on the actual numbers of cells involved in the axon reaction. 
In the light of these never investigations it became apparent that further useful 
data might be obtained bj' comparing the ox 3 ’gen consumption of normal spinal 
cord ^vith that in vhich the anteiior motor horn cells had been altered by axon 
reaction. 

Materials akd z^iethods. In .one series of experiments transverse slices of 
spinal cord, taken between L5 and S3 segments, were removed from twentj^-one 
male guinea pigs of approximate!}' equal weight. Grouping was such that 50 
samples were from normal animals (group 1), 36 from animals in wliich bilateral 
chromatolj’-sis had been induced b\' section of both sciatic nerves fifteen da 5 'S 
pre^^ousl 3 ' (group 2), and 30 from animals whose sciatic nerves had been bilater- 
allj' sectioned three months preGou.sh' (group 3). A second series of determina- 
tions utilized 10 male animals in wliich the sciatic neiwe of onli' one side had been 
sectioned fifteen dai's previoush'. In this second series the segments of spinal 
cord from Lo to S3 were first divided sagitalh' and 30 samples from the side of the 
cord on which the nerve had been sectioned were run against comparable samples 
from the unoperated side as controls. A third series of experiments ivas carried 
out in which the oxj'gen consumption in segments L5 to S3 was measured on the 
1st, 2nd, 3rd, etc., dai's folloiring bilateral .section of the sciatic nerves. Slicing 
was done inside a large box maintained at 8 to 10°C. and saturated with water 
vapor. All tissue slices were placed in Dickens-Greville Ringer solution buffered 
to pH 7.4, and the ox\'gen consumption over a period of 80 minutes was measured 
in a Warburg apparatus at 37.5° C. (with precautions suggested bj' Dixon, 1943). 
The samples of tissue were placed in the vessels in such a waj' that the 0 X 5 'gen 
consumption of comparable coi’d levels was measured in comparable vessels m 
each case. 

1 Aided by a grant from the Kinnej' Fund and from the Fluid Research Fund, Stanford 
Universitj’- School of Tvledicine. 
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CHROMATOLYSIS AND OXYGEN CONSUMPTION OF SPINAL COED 

Results. The mean rates of oxygen consumption (expressed as milliliters of 
oxygen at normal pressure and temperatm-e per gram M^et ^Yeight of tissue per 
hour) of all samples from the thi'ee groups in the first series are shown graphicallj’- 
in figure 1. The oxygen consumption of the group ufith bilateral chi-omatolj^sis 
(group 2) and of the bilaterally operated chronic group (group 3) is significantly 
below the normal (group 1) . The calculated P value (Fisher, 1936) in this case is 
less than 0.00001 — ^i.e., such a difference W'ould be expected by chance alone only 
once in a hundred thousand times. The difference between group 2 and group 3 
is negligible (P greater than 0.9). As has been noted by other workers, the in- 
creasing ratio of grey to v^hite matter from L5 caudalward is reflected in a pro- 
gressive increase in oxygen consumption. This is demonstrated in figure 2 in 
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Fig. 1. Mean rates of oxj’gen consumption of segments L5-S3 of the spinal cords of guinea 
pigs in the three groups of the first series, plotted for each manometer vessel used. Vessel 
1 contained tissue from the region of L5, vessel 2 contained more caudal tissue, and so on to 
vessel 6 which contained tissue from the region of S3. 

which vessel 1 contained tissue from segment L5, vessel 2 contained more caudal 
tissue, and so on to vessel 6 which contained the tissue from the region of S3. 
The fact that the position of these curves for oxygen consumption in the various 
vessels did not change significantly’' with respect to one another vitliin the three 
groups in the first series might be taken as presumptive e\idence that the cell 
changes in groups 2 and 3 were fairly evenly distributed among the segments of 
the spinal cord studied. 

Data from the second series of experiments are summarized in table 1, in which 
the mean oxygen consumption of the half segments of the spinaUcord from the 
operated side is contrasted vith that of the half segments from the unoperated 
side. The difference is slight (0.036) arid statistically insignificant (P greater 
than 0.4). It should be noted that the values for mean oxygen consumption in 
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tliis series fall Bdtliin the range of values for groups 2 and 3 of the first series— i.e., 
are significant^' below the normal (group 1) mean. 

The rates of oxygen consumption in these series are of the same general order 
of magnitude as reported for the spinal cord of the cat by other workers (van 
Han-eveld and Tjder, 1942; Craig and Beecher, 1943). 



Fig. 2. Mean rates of oxj’gen utilization in the three groups of the first series, plotted for 
each manometer vessel used. The tissues were placed in the vessels in the same arrange- 
ment as indicated for figure 1. 


TABLE 1 


KO. or SAitPLIlS 

MEAN QO: 

Operated side 

Unoperated side 

Difference (U — 0) 

30 

1.078S 

1 

1.1145 

0,0357 


Discussion. Inspection of the data from the first series of experiments would 
indicate a significant depression in the oxygen consumption in segments L5 to S3 
of the spinal cord in those animals with bilateral chrOmatolj'sis (group 2) and in 
those animals with chronic bilateral sciatic nerve section (group 3). Although 
it has been shown (Turner, 1943) that some 38 per cent of the anterior motor horn 
cells (e.g., in segment L5) are undergoing chromatolj'sis fifteen days after sciatic 
nerve section, the depression of QOs exhibited in group 2 cannot be accounted for 
solely on this basis since no such difference was observable between the operated 
(chromatolysed) and unoperated (control) sides of the spinal cords in the second 
series . The depression of oxygen consumption in the bilaterally operated chrome 
group (group 3) is also difficult of explanation. It is known (Turner, 1943) that 
there are approximately 16 per cent fewer anterior motor horn cells in segment L5 
of such chronically operated animals (and presumablj' a comparable decrease m 
other segments contributing to the sciatic nerve), yet the fact that between groups 
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2 and 3 there is no significant difference in oxygen consumption and the fact that 
both operated and unoperated sides in the second series showed a lowered QO 2 
would again suggest that decrease in number of cells alone could hardly account 
for such depression. These observations present a suggestive parallel to recent 
investigations by Nachmansolm and Hoff (1944) who have shoum that either 
unilateral or bilateral deafferentation brings about a decrease of 10 to 20 per cent 
and 30 per cent, respectivels’’, in choline esterase actmty in all four quadrants of 
segment L6 of the spinal cord of the cat. With regard to the present results, the 
possibilitj’^ exists that depression in the energy made available bj* oxidation is 
compensated by increased energj'- supplied by anaerobic glycolysis (Pasteur effect, 
cf. Burk, 1939). Data on anaerobic glycolj^sis under conditions comparable to 
these experiments are not yet available. 



Fig. 3. Mean rates of ox 3 "gen consumption of segments L5-S3 of the spinal cord plotted 
against time in hours after section of both sciatic nerves. Dotted lines indicate the mean 
oxj'gen consumption of the control group (1) and the group measured 15 days after bilateral 
section of the sciatic nerves (2) . 

The time of appearance of the depression of ox 3 "gen consiunption following 
bilateral sciatic nerve section is of some interest. As will be seen in figure 3, bj'- 
the third day after operation the oxj’-gen consumption has fallen to the level of 
that seen on the fifteenth dajL It is perhaps suggestive that Gersh and Bodian 
(1943), utilizing the techniques of Caspersson (1940, 1941), have shown that the 
rate of disappearance of certain nucleotides and protein constituents from nerve 
cells undergoing chromatoh'sis follows a somewhat similar time course. Gersh 
and Bodian postulate an increased acti\nty of ribonuclease (or faulty sjmthesis of 
nucleotides) to account for changes in the Nissl substance obsen'ed during 
chromatolj^sis. Either of these processes might well reflect in decreased action 
of various enzjmie s.ystems of the cells (specifically, perhaps, co-enz 3 'mc 1). 
Hence a depression of QO 2 during chromatol 3 'sis cannot with certainty be at- 
tributed to a simultaneous decrease in Nissl substance alone. It is ivell recog- 
nized that the disappearance of Nissl substance is but a visible reflection of one 
of man 3 " possible aspects of the cell state during chromatoh'sis. 
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STOiaiARY 

1. Segments L5 to S3 of the spinal cord of guinea pigs in which hUateral chi-o- 
matolysis of anterior motor horn cells had been induced by section of both sciatic 
nerves fifteen days-pre\'iously showed a depression of ox3"gen consumption sig- 
nificantly below normal. 

2. Segments L5 to S3 of the spinal cord of guinea pigs in which the sciatic 
nerves, had been bilaterally^ sectioned three months previously showed a similar 
significant depression in oxygen consumption. 

3. Fifteen days after chi’omatolysis had been induced on one side of the spinal 
cord by unilateral section of the sciatic neiwe, comparison of the opposite halves 
of segments L5 to S3 showed a diffei-ence in oxj’-gen consumption rvhich^was not 
statistically significant. 

4. From these data it would appear that neither the estimated number of 
chi'omatoly'^sed anterior motor horn cells of segments L5 to S3 nor the consequent 
decrease in actual numbers of these cells can adequately account for the lowered 
oxygen consumption observed fifteen day^s and ninety day's, respectively, after 
section of the sciatic nerves. 
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It has been found that estradiol benzoate increases the renal excretion of 
ascorbic acid by depressing the tubular reabsorption of this substance at load 
levels which normally effect tubular saturation (1). Since similar disturbances 
in the renal excretion of certain electrol 3 rtes (sodium and potassimn chloride) 
follow the administration of estradiol (2), possiblj’- as the result of alteration of 
the renal tubular mechanism for reabsorption of these substances, the mechan- 
isms of tubular transfer or ascorbic acid and these salts may be related in some 
way. In the present report, this point has been investigated by simultaneously 
infusing ascorbic acid and either sodium or potassium chloride. Utilization of a 
conunon transfer mechanism should then result in interference vith tubular 
reabsorption of one of the substances as the other occupies the transfer mechan- 
i.sm, as has been demonstrated by Shannon for the relationship of glucose and 
xjdose (3), and more recently by Pitts (4) for the relationship of glycin and 
creatine. 

Ascorbic acid shows the characteristic of being filtered at the glomeruli and 
actively reabsorbed by the tubules, the latter being limited by a maximal rate 
(Tm) in dog and man (5, 6). The magnitude of the ascorbic acid Tm is small 
in dogs, those in the present studj’^ averaging 0.55 mgm. per minute, as compared 
with other substances reabsorbed by the dog Iddnej^, e.g., glucose, approximately 
200-300 mgm. per minute (7, 8) and glycin amino nitrogen, 13-23 mgm. per minute 
(4). It is likelj’’ that the reabsorption of sodium chloride (9) and potassium salts 
(10) is preponderant^' greater than that of ascorbic acid. Accordingly, it was 
assumed that in competition for any phase of the transfer mechanism, the 
ascorbic acid would be replaced by the salts; therefore, m the present study 
attention has iDeen focused on the effects of these salts on the clearance of the 
vitamin. 

Experimextal procedure. Eight trained female dogs ranging in weight 
from 10.0 to 19.5 kgm. were used in various phases of this study. The dogs were 
kept on a diet of hospital scraps. Clearance experiments were conducted vith 
constant intravenous infusion of creatinine and ascorbic acid in 0.9 per cent saline 
to mamtain suitable plasma levels. Generalij’’, collections were begun about 30 
minutes after priming doses of these substances, to allow suitable time for 
equilibration. Urine was collected by catheter every ten minutes, and the 
bladder was washed out at the end of each period. The dogs were hydrated 
with 40 cc./kgm. of water prior to the experiment to insure adequate urine flows. 

The clearance of creatinine was taken as the measure of the glomerular filtra- 
tion rate. Creatinine content of the CdS 04 (H) plasma filtrates and diluted 
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mines was measured bj' the alkaline-picrate method of Folin and Wu (12). 
Plasma and urinary ascorbic acid concentration Avas determined b}" the dichloro- 
indophenol method A\ith modifications given in the preAious report (1). All 
analyses AA-ere done in duplicate. The tubular reabsorption of ascorbic acid Avas 
taken as the difference betAA’cen the amount filtered, or load (glomenilar filtration 
rate X plasma ascorbic acid) and the amount excreted (tJV), in a minute’s time. 
With the exceptions mentioned beloAA% the load levels AA'ere considered adequate for 
complete tubular saturation. 

The experiments AA'ere designed to fall into four categories: in the first, eighteen 
clearance experiments of from 5 to 8 periods in length AA'ere performed in 4 dogs 
in AA'hich oiiIa’’ creatinine and ascorbic acid in 0.9 per cent saline AA'ere infused. 
These span in time the total length of experiments in which hj^ertonic salt AA'as 
infused. They seive to sIioaa' Avhat the normal variations in ascorbic acid 
reabsorption are during the corresponding time inteival in Avliich salt AA'as 
infused. In the second categoiy appear six expeiiments in three dogs in AA'hich 
20 per cent mannitol AA'as infused at the rate of 1.1 cc. per minute after a piiming 
dose of 5 grams of mannitol, foUoAA'ing the establislnnent of the normal ascorbic 
acid reabsorpth'e Tm Amlue in three control periods. These expeiiments AA'ere 
designed to sIioaa' that the reabsorption of ascorbic acid is not influenced bj’’ the 
presence in the renal tubules of a substance of high osmotic actmty, Avhich AA'ould 
affect Avater reabsoiption:. Since mannitol is not reabsorbed by the tubules 
(13), it cannot itself compete AAith the ascorbic acid reabsorption. In the tliird 
category are nine experiments in Iaa'o dogs in AA'hich after tAA'o, or three control 
periods infusion of approximately 6 per cent NaCl solution at 1.1 cc./min. 
folloAA'ed an aA’erage priming dose of 4.5 gi-ams of NaCl. In the fourth category 
appear 6 experiments in tiA'o dogs in AA'hich foUoAA'ing tAA'o control obseivations 
from 19 to 24 cc. of 10 per cent KCl AA'ere infused during a time inteixal of ten 
minutes. Because of the presumpthm toxicity of tlie potassium ion, aa'c haA'e 
thus limited the time dui-ing AA'hich relath’-ely high concentrations of the ion 
might act. Beyond occasional bradycardia, the dogs hoAA'ever shoAA'ed no 
sjmptoms during the KCl injection.^ 

To exclude the possibility that alterations in the renal Amscular supply might 
result from the infusion of the salts, and thus influence the filti’ation and reabsoiii- • 
tion of the ascorljic acid, aa'c haAm in six experiments in AA'hich KCl AA'as giA'en 
studied the effects on the clearance of p-aminohippuric acid, AA'liich aa'ss taken as 
the effectKe renal plasma Aoaa' (14). The results obtained Avith injections of KCl 
are taken to be typical of the salt effects, and aa'c haA'e chosen it in particulai 
because of the higher rate of infusion, and the possibilitj'" of a A'ascular effect 
(e.g., bradycardia, AA'ith the possibility of decreased blood Aoaa' to the kidney). 

^ The amounts given on a per kilogram basis vrere as follows: 

Mannitol: priming, av. 2.23 mM/kgm. (range: 2.03-2.74 mM/kgm.); infusion: aA'. 0.0933 
mM./kgm./min. (range; 0.0S24-0.1043 niM/kgm./min.). 

Sodium chloride: priming, aA'. 4.11 m^I/kgm. (range: 3.2-G.42 mM/kgm.); infusion; av. 
0.0GS4 mr^I/kgin./min. (range: eight betAveen 0.0514-0.071 mM/kgm./min., one at 0.133 
ntM /k gm ./min.). 

Potassium chloride: infusion at rate of O.lGl niM/kgm/min., for ten minutes. 
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Results. A. Effect of prolonged infusion of creatinine and ascorbic acid in 
isotonic salme on ascorbic acid reabsorption. In figure 1 a total of 99 individual 
urine collection periods are presented in terms of the ratio: milligram reabsorbed 
per minute for eacli individual urine period, divided by the average reabsoiption 
for the entire clearance experiment. In fourteen of these experiments the 
load/Tm ratio was adequate to insure complete tubular saturation, and the 
averate Tm values in mgm. per minute for the four dogs v^re: 0.50 (2 expts., 13 
kgm. dog); 0.64 (2 expts., 16 kgm. dog); 0.75 (5 expts., 16 kgm. dog); and 0.625 
(5 expts., 19 kgm. dog). Four other experiments which were done at load levels 
inadequate for tubular saturation were accepted because the load level remained 



Fig. 1. Showing the normal variation in the tubular reabsorption of ascorbic acid during 
prolonged infusion. Each point represents the value for an individual urine collection 
period expressed as the ratio to the average reabsorption for the entire clearance experi- 
ment. The data are derived from eighteen experiments of from five to eight periods each 
in four dogs. The limits ± 2 S.D. (standard deviation from the mean) serve to indicate 
the range of normal variation. 

Fig. 2. Showing the effect of infusion of 20 per cent mannitol solution on the ascorbic 
acid reabsorptive Tm. The amount of reabsorption for each experimental period is ex- 
pressed as the ratio to the average Tm of three control periods. 

constant throughout the clearance, and hence did not influence the rate of 
reabsorption. 

It is seen that over 90 per cent of the data fall witliin the limits of ± 2 S.D. 
(standard deviation from the mean). Accordingly the experimental data which 
follow are considered significant when they fall outside these limits. The data 
in figure 1 show that there appears to be no significant trend in ascorbic acid 
reabsorption as the result of prolonged infusion with 0.9 per cent saline for 
intervals as long as 150 min. The variations seen from period to period are 
probably the result of empt>dng and dead-space errors. 

B. Effect of monniloL (Table 1, part A; fig. 2.) Since the infusion of hyper- 
tonic NaCl and KCl may be followed by diuresis at least partly attributable to 
osmotic action in the tubules, it was conceivable that the resulting decrease in 
water reabsorption might influence the tubular reabsorption of ascorbic acid. 
Accordingly mannitol, which has been demonstrated to be an effective osmotic 
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TABLE 1 ■ 


EJfccl of mannitol, sodium chloride, and -potassium chloride on the clearance of 

ascorbic acid 



COKXROD 

EXFEEIUENTAL PERIODS 

DOG 

No. 

periods 

Av. 

Load* 

Av. 

Tm; 

CAAt 

Av. 

Load 

Rcabs. per min. 

, Rcabs./Tm 

CAA 


CCr 

1 

2 

3 

1 

2 

3 

CCr 

A. Mannitol 



mgm,/ 

min. 

rngm,! 

min. 


mtm.f 

min. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

m 

HL 

3 

1.842 



1.814 



0.380 

0.83 

iia 



12 kgm. 

3 

1.845 

■ 

Igil 

1.840 


mm 

0.430 

0.92 

m 

1.00 


HN 

3 

1.255 

0.444 

0.647 

1.548 



0.455 

0.92 

0.95 

1.03 

0.726 

13.5 

3 


0.492 

0.803 

2.825 



0.540 

0.91 

1.06 

1.09 

0.819 

kgm. 

2 

1.167 

0.590 

0.492 


Rig 

um 

0.643 

0.80 

0.96 

1.09- 

0.487 

T 

10 kgm. 

3 

1.453 



1.580 

0.510 

0.530 

0.440 



.89 

0.690 

Average 

0.695 





0.90 





B. Sodium chloride 


C 

19.5 

kgm. 

2 

2 

2 

2 

2 

1.280 

1.430 

1.550 

1.036 

1.702 

1 

1 

1.259 

1.578 

1.707 

1.215 

1.717 

0.134 

0.333 

0.193 

0.283 

0.000 

0.129 

0.245 

0.201 

0.246 

0.000 

0.084 

0.333 

0.293 

0.126 

0.000 

0.40 

0.83 

0.41 

0.64 

0.00 

0.39 

0.61 

0.43 

0.56 

0.00 

0.25 

0.83 

0.62 

0.29 

0.00 

0.906 

0.808 

0.866 

0.825 

1.030 

R 

3 



0.043 

1.340 

0.217 

RM 


0.55 

0.59 

0.58 


16 kgm. 

3 

1.283 

0.411 


1.834 

0.265 


Rjw 

0.64 

0.26 

0.00 



3 


IBS 

0.577 

1.993 

0.310 



0.51 

0.39 

0.32 



2 

1.659 

m 


1.092 

0.160 



0.38 

0.12 

0.38 


Average 

0.700 










C. Potassium chloride 


C 

2 

2 

2 

2 

1.812 

1.821 

2.165 

2.455 

0.480 

0.650 

0.420 

0.800 

1 

2.070 

1.643 

2.551 

2.341 

0.485 

0.135 

0.163 

0.727 

1 

1 

1.01 

0.21 

0.38 

0.85 

0.54 

o.so 

0.00 

0-38 

1 

1 

R 

2 

2 

1.545 

2.337 

1 

0.687 

0.862 

1.147 

2.660 

0.038 

0.303 

H 

0.479 

0.412 

0.08 

0.94 

m 

0.99 

1.28 

1.000 

0.943 

Average 

0.730 





0.58 

.36 




* Load: glom. filt. rate X plasma ascorbic acid, 
t Ascorbic acid/crcalinine clearance ratio. 
i One period of maximum effect. 
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diuretic, infused following three control periods. The results are given in 
table 1, and in figure 2 appear as the ratios of the amount reabsorbed during 
mannitol infusion over the average reabsoi-ption of the control periods. Since 
no significant changes occurred in reabsorptive Tm, it can be concluded that the 
presence of an osmotically active substance in the tubules, although increasing 
the rate of the urine flow, did not influence the reabsorption of ascorbic acid. 

C. Effects of hyperionic NaCl. (Table 1, part B; fig. 3.) With the continued 
infusion of hypertonic NaCl it was observed that the reabsorption of ascorbic 
acid was continually depressed. The ratios of each experimental period divided 
by the control reabsorption show the following average values: after 20 min.. 



Fig. 3. The effect of infusion of 6.0 per cent sodium chloride solution on the ascorbic acid 
reabsorptive Tm. The amount of reabsorption for each experimental period is expressed 
as the ratio to the average Tm of two or three control periods. 

Fig. 4. The effect of infusion of 10.0 per cent potassium chloride solution on the ascorbic 
acid reabsorptive Tm. The experimental periods were taken during and after a ten minute 
period of infusion of potassium chloride solution, and the amount of reabsorption for each 
experimental period is given as the ratio to the average Tm of two control periods. 

0.48 (—52 per cent); after 31.5 min., 0.37 (—63 per cent); after 44 min., 0.36 
(—64 per cent). The decreased reabsorption resulted in an elevated clearance 
of ascorbic acid, the ascorbic acid/creatiniue clearance ratio rising from 0.700 to 
0.8S5. 

D. Effects of hypertonic KCl. (Table 1, part C; fig. 4.) During- the ten 
minute period of KCl infusion, the Tm of ascorbic acid was continually de- 
pressed and showed an average ratio to the control value of 0.58 (—42 per cent) 
6.7 rninutes after beginning, of the infusion. At 16 minutes the lowest point 
was reached, 0.36 (—64 per cent), then rapidly returned to normal during the 
tlfird peiiod, at 27 minutes being 1 .2. The rapid return to noi-mal after cessation 
of the infusion was probably the result of the rapid clearance from the bodj' of 
the potassium salt (10). Dining the second experimental period, when the 
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effect on reabsorption was maximal, the ascorbic acid/creatinine clearance ratio 
rose to 0.929 from a control average of 0.730. 

B. Effects of hypertonic KCl on glomerular filtration rale, effective renal plasma 
flow, and flUraiion fraction. The results are summarized in table 2. Increases 


TABLE 2 


The effect of injection of potassium chloride on the glomerular filtration rate, effective 
renal plasma flow, and filtration fraction 


Glom. flit, rate: (creatinine 
UV/P) 



DOG 

COSTROl,* 

DURING INJECTION’ 

) 

1 

Periods 

2 

3 

Av. 

Change 



cc.fmin. 




cc./min. 

fer cent 


C 

86.5 

88.0 

102.0 

97.3 

95.7 

+ 10.6 



58.0 

74.5 

49.4 

75.5 

66.5 

+ 14.7 



67.0 

75.4 

74.3 

88.0 

80.0 

+ 19.4 


R 

64.0 

66.3 

74.1 

105.3 

82.0 

+ 28.1 



54.5 

57.6 

52.1 

62.0 

57.2 

+ 5.0 

■ 


60.0 

69.0 

78.0 

71.0 

72.7 

+ 21.0 


Average 


+16.5 



f 

c 

351 

357.0 

381.0 

350.0 

362.0 




200 

229.0 

165.0 

267.5 

220.5 

Renal plasma flow: (p-aniino- 



269 

305.0 

263.5 

312.0 

293.5 

hippuric UIVP) 


R 

210 

231.0 

261.0 

363.0 

285.0 




175 

178.0 

ISSI 

' 210.0 

187.0 




202 


w 



Average 




C 

0.247 

0.249 

0.268 

0.278 

M 




0.346 

0.318 

0.337 

0.335 


Filtration fractionf 



0.247 

0.247 

0.282 

0.282 

0.270 

i 


R 

0.303 

0.287 

0.284 

0.290 

0.288 




0.312 

0.323 

0.304 

0.294 

0.307 






0.312 

0.301 

0.311 

Average 



+ 3.14 

+ 10.25 

+ 9.10 

+ 35.70 

+6.85 

+ 15.35 


+13.4 


+ 7.30 

- 4.63 

+ 9.30 

- 4.95 

- 1.60 

+ 5.43 


+ 1.81 


* Average of 2 periods, 
t creatinine clearance 
p-aminohippuric acid clearance’ 


which average 16.5 per cent are seen in the glomerular filtration rate. These 
compare with an average increase of 12 per cent in* filtration rate following the 
infusion of hj’pertonic NaCl, and are probablj’’ the result of plasma dilution 
following the action of the salts on the intracellular compartment. Correspond- 
ing increases (average +13.6 per cent) were noted in the p-aminohippuric acid 
clearances following IvCl infusion, and as a result the filtration fraction showed 
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no significant changes. The conclusion is drawn that the injection of KCl 
produced no alteration in the blood supply to the kidney which might conceivably 
impede the rate of ascorbic acid filtration and reabsorption. 

Discussion. It has been demonstrated that the velocity of urine flow, as 
influenced by osmotic diuresis, does not affect the tubular reabsorptidn of ascorbic 
acid. Furthermore, the infusion of hypertonic salt does not decrease the rate of 
glomerular filtration and the renal plasma flow, indicating that the effects seen 
could not have resulted from a decrease in the ascorbic acid load to the reabsorp- 
tive mechanism, or from inefficient removal of the substance from the peritubular 
vascular bed. The conclusion follows that sodium and potassium chloride 
compete or interfere with the ascorbic acid transfer mechanism in some manner. 
Shannon (3) by elevation of the plasma glucose levels in dogs has completely 
blocked the tubular reabsorption of xylose, and has argued on this basis that 
xylose is actively reabsorbed by the same mechanism as glucose. Pitts (4) by 
completely blocking the reabsorption of creatine bj’’ elevation of plasma glycin 
has similarly concluded that a common transport mechanism exists for these 
substances. 

Although several urine periods occurred in which the rcabsorption of ascorbic 
acid was completely blocked by the salt, the reabsorption of sodium and potas- 
sium cliloride and ascorbic acid have not been found to be as precisel}’’ related as 
the aforementioned substances. In \dew of the fact that the simultaneous 
clearance of the salts was not evaluated in this study, it cannot be said at this 
time what the exact nature of the relationsliip between the transfer of the vitamin 
and the salts is. It was noted, however, that the degree of ascorbic acid reab- 
sorption was not consistentl}’- related to either the rate of infusion or the total 
dose of salt given. From this it appears that sodium and potassium chloride 
compete with the ascorbic acid transfer in some non-specific manner. Rather 
than occupying a common reabsorptive mechanism, these substances ma 3 ' share 
some general phase of the energetics of tubular transport. 

SU.AIMARY .rVND CONCLUSIONS 

1. A study has been made of the effects of the infusion of hypertonic sodium 
and potassium chloride solutions on the reabsorption of ascorbic acid by the 
renal tubules. 

2. It has been found that the reabsorptive Tm is significantly depressed by 
these salts, showing that they block the ascorbic acid reabsoiptive mechanism m 
some manner. 

3. Possible interfering factors were not found to influence the filtration and 
reabsorption of ascorbic acid, e.g., increase in the rate of urine flow as the result 
of an osmotic diuretic action by a substance not itself reabsorbed by the tubules 
(mannitol), and the observation that no significant changes occurred in glomeru- 
lar filtration rate and renal plasma flow during salt infusion. 

4. The evidence does not indicate that ascorbic acid and the salts are reab- 
sorbed by a common mechanism as in the case of glucose and xylose, and glycin 
and creatine, but that rather the salts impair the reabsorptive activity of the 
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tubules for ascorbic acid in some non-specific manner, the nature of which is 
unknown. > 

The authors wish to thank Dr. Homer W. Smith for his helpful criticism of the 
manuscript. ' ■- 
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The exact mechanism by which sucrose injures the Iddney tubules has not been 
established, and was the object of this investigation. Helmholtz in 1933 first 
reported that large doses of In’-jjertonic sucrose given intravenously to rabbits 
provoked a se^■ere h5^dropic degeneration limited to the proximal convoluted 
tubules and the ascending loop of Henle. A human autopsy case with identical 
lesions attributable to sucrose was also presented b}'^ Helmholtz, and this has 
been confirmed in a number of subsequent autopsy reports by Cutler (1939), 
Anderson and Bethea (1940), Anderson (1941), and Rigdon and Cardwell (1942). 

Most tubular poisons, like sucrose, act selectively upon the proximal convo- 
luted tubules, and only slightlj^ damage the distal convoluted segments. In 
this study sucrose was administered to rabbits nfith unilateral hydronephrosis in 
which the obstructed kidnej" cannot elaborate a concentrated urine, to phloriz- 
inized rabbits and rats in which sucrose reabsorption is blocked, and to aglomer- 
ular toadfish wliich cannot secrete sugar, and the Iddneys in each case were exam- 
ined liistologically. 

Experiment.^!., observations. A standard intravenous dose of sucrose 
which would produce a maximum hydropic degeneration was determined. A 
series of 11 normal rabbits Aveighing 1.4 to 4.1 kilos Avere given from 70 to 320 cc. 
of 20 per cent sucrose (sterile ampules, Lill30- The various doses ranged from 
7.8'to 20 grams of sucrose per Idlo. FolloAAing the fii’St injection, or the second 
injection if administered in a diAuded dose, the animals AAnre alloAved to live for 
from 2 to 72 hours, Avith the exception of one rabbit AAhich Avas sacrificed after 
30 daj^s. Onh' this latter rabbit failed to 1 ^ 00 ! some hydropic degeneration. 
It Avas found that AAhen 40 cc. of 20 per cent sucrose per Idlo Avas given intra- 
A^enously, folloAA'ed in 24 hours bj”- a second equal dose, a uniformlj" severe 
hj^dropic degeneration Avas present 24 hours after the second injection. This, 
then, Avas our standard dose. All tissues AA'ere fixed in Hell 3 ^’s solution (bi- 
chromate formalin mixture). 

One rabbit Avhich receiA^ed half the standard dose, i.e., onl 3 ^ the first injection, 
but Avas not alloAved to drink Avater subsequent^' shoAved a severe h3‘dropic de- 
generation after 24 hours. FiA'o cubic centimeters of 50 per cent sucrose Avas 
injected intraperitoneally in each of 2 rats that Averc not alloAved to di’ink Avater 
during the folloAving 24 hours. Similarh' 2 rabbits AA'ere administered 40 cc. of 
50 per cent sucrose, and one rabbit 50 cc. of 20 per cent sucrose intraperitoneally. 
Both rats and the three rabbits shoAA'ed the classic tubular hydropic picture. 

1 Submitted in partial fulfilment of the requirements for the Degree of Doctor of Phil- 
osophj' in the Graduate School of the Universitj’’ of Minnesota. 
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Tliese experiments show tliat ^vhen water is \nthheld, and the urine is more 
concentrated, a srnaller dose of sucrose is effective in producing injury. 

The left ureter of 10 rabbits was doubly ligated and severed about 1.5 cm. 
Ijelow the uretero-pebdc junction. The animals were anesthetized with intra- 
venous sodium pentothal, and surgeiy carried-out with aseptic technique. After 
periods of hydronephrosis of from 2 to 31 da 3 ^s the standard intravenous dose of 
sucrose was administered. This produced severe h 3 ’’dropic degeneration in both 
the unoperated and the hj'dronephrotic Iddne 3 's at all intervals studied (table 1). 

Two rabbits and 21 rats Avere phlorizinized and then given sucrose injections 
which had resulted in uniform, severe h 3 ^dropic injiny in normal control animals. 
Two per cent phlorizin in olive oil was emplo 3 'ed, and the animals starved during 
the period of phlorizination. The first rabbit received a daih’- subcutaneous 
injection of 300 mgm. of phlorizin per kilo for 6 da 3 's. On the fifth da 3 ’^ this 
animal was given 100 cc. of 20 per cent sucrose intravenoushq but during the 


TABLE 1 

Nephrotoxic effect of intravenous sucrose in the presence of unilateral hydronephrosis 


RABBIT EXPEP.IMEKT 

1 

DCRATIOK or 
: HYDRONTPHROSIS 

[ 

TOTAL DOSE 20 PER 

KIDNEY HYDROPIC DEGENERATION 


j BEFORE INJECTION 

CENT SUCROSE* 

Right (unoperated) 

Left (hydronephrotic) 

R-12 

j days 

2 

CC. 

260 ^ 

-f + + + 

-| — j — j — [- 

R-13 

3 

230 

+++ + 

d — 1 — 1 — h 

R-14 

5 

250 

+++ + 

+++ + 

R-15 

6 

250 

+ + -f+ 

++++ 

R-16 

11 

270 


-i — 1 — 1 — b 

R-17 

14 

250 


++++ 

R-18 1 

19 ’ 

20S 


+++■1- 

R-19 

31 

120t 


1 +-b 


* Standard dose. 

t Rabbit died after receiving one injection, or half standard dose. 


second injection the following da 3 ’- the rabbit died. Nevertheless, sucrose had 
caused 2 plus hydropic tubular damage. The left ureter of the other rabbit Avas 
doubl3' ligated and seA^ered Iaa'o AA'eeks prior to phlorizination; the animal receiA^ed 
250 mgm. of phloiizin per kilo per da 3 " for G da 3 ’^s and the standard intraA'enous 
dose of sucrose. Despite complete gb'curesis induced ly phlorizin, 4 plus 
hydropic degeneration Avas produced (table 2). 

xV series of 12 rats Aveighing from 200 to 240 grams AA'ere phlorizinized AAith 20 
to 25 mgm. of phlorizin in oliA'’e oil, subcutaneoush', per da 3 ' for six da 3 ’'S. Nine 
of these rats AA'ere given an intraperitoneal injection of sucrose, AA'hile three con- 
trols AA'ere not. A series of 9 rats AA'ere acuteb' phlorizinized b 3 ' administering 
10 mgm. of a 1 per cent solution of phlorizin fre-shh' prepared in 2 per cent aque- 
ous sodium bicarbonate. At the same time the 3 ' AA'ere giA'en, subcutaneousbq 
20 mgm. of 2 per cent phlorizin in oUa'c oil. Eight of these rats AA'ere also giA'en 
5 cc. of 50 per cent sucrose intraperitoneal^' immediateb' folloAAing the phlorizin. 
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One control rat was not given sucrose. The animals were allowed neither food 
nor water and killed in 24 hours. Despite phlorizin, sucrose produced severe 
hydi'opic degeneration. 

As a control for the nephrotoxic properties of sucrose, x 3 dose, inulin and dex- 
trose were administered to rats and rabbits. Five normal rabbits and three 
normal rats received 20 per cent dextrose in amounts equivalent to the sucrose 
dose 'which had provoked hj'-di'opic injuiy. Under ether anesthesia the left 
ureters of three rats were doubh’- ligated and severed. Seven daj^s thereafter. 


TABLE 2 

Nephrotoxic effect of sucrose in phlorizinized animals*" 


ANIMAL EXPERIMENT 
NO. 

METHOD OF 
PHLORIZINATION 

! TOTAL 

DOSE OT 
PHLORIZIN 

[ DOSE AND ROUTE OT SUCROSE 

ADMINISTRATION 

KIDNEY 

HYDROPIC 

DEGENERATION 

R-2S 

i 

Chronic 

^ratns 

3.50 

100 cc. 20 per cent 
intravenous 

++ 

R-29 

Chronic 

3.50 

200 cc. 20 per cent 
intravenous 

-f-+++t 

+-!-++$ 

Rats 3-9 

1 

Chronic 

0.12 

5 cc. 50 per cent 
intraperitoneal 

++++ 

Rat 10 

Chronic 

0.12 

None (control) 

0 

Rats 11, 12 

Chronic 

0.20 

5 cc. 50 per cent 
intraperitoneal 

-b++-l- 

Rats 13, 14 

Chronic 

0.20 

None (controls) 

0 

Rats 15-22 

Acute 

o o 
b b 

to 

5 cc. 50 per cent 
intraperitoneal 

H — hH — b 

Rat 23 

! 

Acute 

0.40 

None (control) 

0 


* Phlorizin for these experiments was Idndly given to us by Dr. Harold C. Hodge of the 
School of IMedicine and Dentistry of the University of Rochester, and by Dr. R. H. Barnes 
of the University of Minnesota Medical School, 
t Unoperated, 
t Hydronephrotic. 

7 cc. of 50 per cent x^dose was administered intraperitoneallj- in two of these 
'animals; the other received by the same route 10 cc. of 20 per cent inulin freshU 
prepared in 0.6 per cent sodium chloride at 85°C. In confirmation of preidous 
work, dextrose was not found to injure the tubules. Likewise, xidose and inulin 
did not produce Iwdropic degeneration (table 3). 

Three rats, pregnant for 18 days, received 5 cc. of 50 per cent sucrose intraperi- 
toneally. One rabbit, pregnant for 14 da^-s, was administered the standard 
intravenous dose. The maternal rat kidnej’S revealed 3 plus hvdropic degenera- 
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tion, but the fetal kidnej^s Y'ere unaffected. On the other hand, both the 
■maternal and the fetal rabbit kidneys showed 4 plus hydropic degeneration. 
We have no explanation for this apparent discrepancy. 

rive toadfi.sh — marine teleosts, Opsanus iau — were subjected to intraperi- 
toneal injections of 25 and 50 per cent sucrose in di-\dded doses. One half of the 
total dose was given at the time the fish were removed from the common aquar- 
ium tank and placed in indi^ddual tanks. The second half was injected 24 
hours later, and the fish killed 24 hours thereafter.- Sucrose did not induce 
h 3 ’’dropic degeneration in the aglomerular tubules of the common toadfish 
(table 4). These fish, weighing from 510 to 750 gi-ams had been kept in cap- 

TABLE 3 


Failure io demonstrate hydropic degeneration following administration of dextrose, 

xylose and inulin 


AKIiTAL 

EXPERIITEKT NO. 

! 

DRCG 

/ 

1 

DOSE AND ROUTE OT AD5I1NISTRATION ' 

DURATION or 
LIFE AFTER 
INJECTION 

KIDNEV 

HYDROPIC 

DECESXSATION 




hours 


11-30 

Dextrose 

100 cc. 20 per cent 
intravenous 

Immediate 

death 

0 

11-31 

Dextrose 

! ! 

180 cc. 20 per cent 
intravenous 

1 

0 

R-32 

Dextrose 

1 

320 cc. 20 per cent 
intravenous* 

24 

Granular 

swelling 

R-33 

j 

Dextrose 

120 cc. 20 per cent 
intravenous 

20 

0 

R-34 

Dextrose 

1 200 cc. 20 per cent 

1 intravenous 

72 

0 

Rats 24-26 

Dextrose 

i 4 cc. 50 per cent 

1 intraperitoneal j 

24 

0 

Rats 27, 28 

Xj'lose 

i 7 cc. 50 per cent | 

intraperitoneal j 

24 

Of 

Rat 29 

Inulin 

10 cc. 20 per cent | 

J intraperitoneal i 

24 

Of 


* De.xtrose given in divided dose comparable to standard sucrose dose, 
t Unilateral hydronephrosis established 7 days before injection, neither kidne 3 'afTected. 


thity for several A'ears in the John G. Shedd Aquarium in Chicago. The 
aquarium water,, assumed to be relativelj’’ constant, was tested at the time of 
our experiments; pH 8.2, .specific gravity 1.025, temperature G0-01°F. 

As controls, one normal toadfi.sh was killed and one toadfi.sh was given 20 cc. 
of 50 per cent dextrose intraperitonealh-. Two goldfish, weighing 20 and 32 
grams, were administered a single intraperitonea! injection of 20 per cent sucrose. 
The glomerular tubules of the goldfish showed the characteristic h\'dropic effect 
(table 4). 

Discussion. The h3'di‘oi3ic degeneration from sucrose, as described by 

- IMr. W. H. Brunskill of the Shedd Aquarium staff rendered -valuable assistance at the 
aquarium where the e.xperiments were carried out. 
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numerous observers, consists of a finely reticular cytoplasm, foamy Avith vacuola- 
tion, and resembling the pathologic hj'^pernephroma cell (figs. 1 and 2). Often 
the tubular lumen is closed, but in spite of this there is a diuresis. Perhaps 
there is some distortion in fixation. Pyknosis and kaiyolj'-sis are demonstrable. 
Unless large doses of sucrose are administered (Helmholtz, 1933), or the animals 
dehydrated (Rigdon and CardAvell, 1942) the hydropic degeneration is patchy in 
distribution and cellular SAA'elling only moderate. SeA’^ere hydropic degeneration 
may be noted AAuthin one or tAA'o hours folloAAing massh’^e doses of h3"pertonic 
sucrose but after 15 da 3 \s the tubules appear normal (Helmholtz, 1933). 

FolloAA’ing the injection of sucrose in man, Keith, PoAA^er and Pederson (1934) 
AA^ere able to recover the sugar quantitatiA'^el}’’ from the urine AATthin tAVo hours. 
In the dog, hoAA"eA’’er, thej’- were able to recoA^er onlj’^ 70 to 80 per cent of the 
quantity injected.* 


TABLE 4 

Nephrotoxic effect of sucrose on toadfish and goldfish kidneys 


FISH EXPERIMENT NO. 

INTRAPERITONEAL DOSE OF SUCROSE 

DURATION OF 
LIFE AFTER LAST 
INJECTION 

KIDNEY HYDROPIC 
DEGENERATION 



hours 


Toaclfish-l 

30 cc. 50 per cent* 

24 

0 

Toadfish-2 

20 cc. 50 per cent* 

24 

0 

Toadfish-3 

20 cc. 50 per cent* 

24 

0 

Toadfish-4 

44 cc. 25 per cent* 

24 

0 

Toadfish-5 

44 cc. 25 per cent* 

24 

0 

Toadfisli-6 

(Control) 20 cc. 50 per cent dex- 

24 

0 


trosc 



Toadfish-7 

(Control) no sugar 


0 

Goldfisli-1 

1 cc. 25 per cent 

24 

+-f-t- 

Goldfish-2 

1 cc. 25 per cent 

24 

+4-t- 


* Total dose given in 2 equal injections 24 hours apart. 


Because sucrose causes hydropic degeneration more readily in dehj'-drated 
subjects, Anderson (1941) suggested that reduced glomerular filtration enhances 
the damage bA”^ prolonging the exposure of the tubular cells to sucrose. Yet Ave 
found that AAdien less than the standard dose of sucrose is administered to a rabbit 
Avith unilateral hydronephrosis (rabbit 19) the hj^dropic degeneration is of the 
same intensity in the hydronephrotic Iddnej-- AAdiere filtration is probablj'^ reduced 
as in the unoperated kidney. Yfiien the standard dose of sucrose Avas adminis- 
tered to rabbits AAith unilateral h^^dronephrosis of A'aiying intervals of duration 
up to one month, it produced equallj’- severe damage in both kidneys (figs. 1 and 
2). In this respect sucrose differs from uranium nitrate and bichloride of mer- 
cuiy AAdiich do not injure the h.ydronephrotic kidnej’- (Wilmer, 1943). 

Since sucrose injures the tubules AA’hen the glomerular filtrate is not concen- 
trated (hydronephrosis), aa'o ma.y assume that the nephrotoxic action occurs at a 
critical plasma or glomerular filtrate IcA^el. Since the sugar is quantitatiA^elj^ 



436 


HARBY A. WILMER 


eliminated within a few hours the injury is probabty induced mthin this short 
interval. Because injury is more severe and persistent following divided doses 
(Helmholtz, 1933), there is probablj’^ a summation of acute insults. 

Sucrose bathes the tubule cells from both the surrounding rich vascular net- 
work and from the lumen. Therefore, it was necessary to determine whether or 
not the sugar injures the cells from the vascular or from the luminal side. 

To prevent sucrose from entering the lumen of the tubule it was necessary to 
resort to the aglomerular fish which cannot secrete sugars. Through the kind- 
ness of Walter H. Chute, Director of the John G. Shedd Aquarium in Chicago, 



Fig. 1 Fig. 2 

Fig. 1. Unoperated riglit kidney of rabbit R-16 given standard intravenous dose of su- 
crose resulting in 4 plus hydropic degeneration. Photomicrograph X 160. 

Fig. 2. Hydronephrotic left kidney' of rabbit 11-16 revealing ecpially intense hydropic 
degeneration. Photomicrograph X 175. 

we were given seven toadfish and the aquarium facilities to carry out these e.v- 
IJoriments. 

J'he entire function of the toadfi.sh kidney is performed by a single tiiimlar 
segment composed entirely^ of one type of cell corresponding to that of the 
proximal convoluted tubular epithelium of the mammalian organ (Defrise, 1932). 
.•V fundamental difference between the glomerular and aglomerular kidneys is the 
inability of the aglomerular kidney to eliminate glucose and other sugars in- 
cluding sucrose (Mar.shall, 1934). The impermeability of the toadfi.sh kidney to 
glucose is a relative matter since traces of glucose appear in the urine after 
phlorizin injections and veiy high blood sugar levels; this trace is comparable 
to that noi’inally found in human urine which is ordinarily con.sidered to be free 
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of sugar (Marshall, 1930). Considering the fact that the enzj'me phosphatase 
probably plays a role in the transport of the glucose molecule through the tubule 
cells, it is interesting to note that the toadfish is the onW animal Avhose tulDules 
are known to be devoid of this enzjune (Wilmer, 1944) . 

Clarke (1935) injected large quantities of sucrose intravenoush'’ in the aglomer- 
ular goosefish, Lophius piscatorius, and obtained plasma levels of 540 and 1060 
mgm. per 100 cc. During the following four hours the urine contained less than 
1 per cent sucrose. Not onty does this show that sucrose is not secreted Id}’ the 
aglomerular tubule, but that diffusion across the cells is so small as to be entireh* 
negligible (Smith, 1937). 

Five toadfish were each given twointraperitoneal injections of sucrose. Their 
kidneys did not reveal any e^ddence of h 3 ^dropic degeneration, and were indis- 
tinguishable from the normal control and the control fish given dextrose. Al- 
though sucrose has been given to aglomerular fish pre\'ioushq we were unable to 
find an\' description of the renal histologj’’ following the administration of the 
sugar. Contraiy to our findings in the toadfish, goldfish, wliich had been 
given a single intraperitoneal injection of sucrose, were found to have severe 
h^’dropic degeneration. This seems to be good e^ddence that sucrose is not 
nephrotoxic from the blood stream side of the tubules alone. The toadfish at 
our disposal had been kept in captivity for several j^ears and these experiments 
should be confirmed vith freshlj’- caught fish. 

Since sucrose does not injure the tubules from the vascular side alone, it prob- 
abty does so from the lumen. The sugar is absorbed from the tubule since the 
sucrose clearance is the same as that of xjdose and about 20 per cent less than 
inulin which is considered, not to be reabsorbed at all (Smith, 1937). In phloriz- 
inized man and animals the sucrose clearance is the same as inulin clearance, 
hence phlorizin blocks sucrose reabsorption. As little as 2 per cent of the inulin 
in the glomerular filtrate diffuses back, while the diffusion coefficient of sucrose 
is about three times as gi-eat (Bunim, Smith and Smith, 1937), and it would seem 
that at least 6 per cent of it diffuses back. To prevent the reabsorption of suc- 
rose, a series of rats and rabbits were plilorizinized. Sucrose, nevertheless, 
caused severe hj^dropic degeneration in these animals. This appeared to elim- 
inate tubular reabsorption of sucrose as necessaiy for the production of h 3 >-dropic 
injmy. Steinitz (1940) reported that, contrarj’ to the prevailing opinion, sucrose 
and inulin clearance are identical in the human subject. If such is the case, 
sucrose injur\’ is probabty induced in man bj'^ diffusion, as in our phlorizin animal 
experiments. 

Phlorizin probabty does not interfere vith the plysical phenomenon of diffu- 
sion, so that the sucrose which diffuses through the cells accounts for the lydropic 
degeneration. It is possible that diffusion maj’- occur from both the vascular and 
luminal side; no experiment comes to. mind which would eliminate diffusion. 
Since sucrose is practicalty excluded from cells, its diffusion into the tubular 
epithelium places it in an abnormal intracellular situation, and probabty causes 
an osmotic disturbance with the resultant hydropic type of damage. ,The fact 
that the tubules quickl.v recover, while the h\’-dropic degeneration due to poisons 
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like racemic tartaric acid (Underhill, Wells and Goldschmidt, 1913), and diethjd- 
ene glycol (GeiUng and Cannon, 1938) proceed to necrosis, argues that it is 
perhaps a primarj’ osmotic effect, and not the result of cellular membrane 
damage, hygroscopic action of the drug, or pidmary toxic injury. One must 
assume in addition some specific tubular susceptability to sucrose. 

SUMaiARY 

Sucrose administered intravenously in large doses produces a severe h}* dropic 
degeneration in both the unoperated and hydronephrotic kidneys of the rabbit. 
Since the hydronephrotic kidnej'- cannot elaborate a concentrated urine, .a critical 
plasma level is probabl}' essential for the nephrotoxic effect. 

Aglomerular toadfish, Opsa7iiis tau, which cannot secrete sucrose were given 
the sugar intraperitoneally without nephrotoxic effect. Therefore, it would seem 
that sucrose does not injure the tubule from the vascular side when simultane- 
ously excluded from the lumen. Sucrose provokes hydropic degeneration in the 
glomerular tubules of the goldfish. 

When reabsorption of sucrose is blocked in phlorizinized rabbits and rats this 
sugar still produces its characteristic hj'^dropic degeneration. Hence, sucrose 
reabsorption is not necessaiy for the toxic injury. 

The small amount of .sucrose which diffuses into the tubule cells, even in the 
phlorizinized animals, is probably the mechanism by which this sugar injures the 
kidne3^ 

Acknowledg^nent. I am gi-eatly indebted to Dr. E. T. Bell for suggesting this 
studj" and for indispensable adrice and criticism. 
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The nervous manifestations of thiamin deficiency may be divided into acute 
reversible functional disorders and chronic degenerative lesions. The latter 
group have received the most attention vith some attempt to correlate the nerve 
tissue damage vith the functional disorders observed. Swank (1940) studied 
the degenerative changes which occur in the peripheral nerves of chronic thiamin 
deficient pigeons. The extent of the lesion paralleled the severity of paralj’^sis at 
the time the bird was killed. From a detailed histological examination of the 
peripheral and central nervous system of chronic deficient rats, Prickett (1934) 
found no abnormal changes in peripheral nerves, but observed lesions in the 
medulla and pons. No paralj^sis was seen in these rats, but marked ataxia and 
disturbances of posture were present. At best such studies can tell little about 
the reversible functional disorders where actual tissue damage is ruled out bj* the 
rapid recovery when thiamin is administered. 

Brief descriptions of the acute signs of thiamin deficiency have been reported 
for a number of species. In all cases anorexia is the first e^^dence of deficienc 3 \ 
After thi-ee to four weeks on diet, ataxia and con\ailsions suddenly appear in the 
rat (Prickett, 1934), the cat (Odom and McEachern, 1942), and pigeon (vSwank, 
1940). The dog shows ataxia and spasticity of the extremities but does not 
exliibit convulsive beha^ior (Swank, Porter and A"eomans, 1941). Apparently 
the only work which goes beyond a description of general beha^dor in thiamin 
deficiency is that of Church (1935), who studied reflex actmties in deficient rats 
and found changes indicative of functional disorders in the brain stem. 

The present paper reports a similar but more extensive studj^ of behavior and 
reflex activities in acute thiamin deficient cats. 

1. Development of specific thiamin deficiency. One of the weakest points in 

1 Submitted in partial fulfillment of the requirements for the degree of Doctor of Philos- 
ophy in The University of Maiyland. 

-Now with the Department of Pharmacology, Abbott Laboratories, North Chicago, 
Illinois. 
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much of the physiological and biochemical work on thiamin deficient animals 
has been the inadequate control of vitamin supplements, particularlj’- other mem- 
bers of the B-complex group. In the older studies the diets have been fortified 
with autoclaved brewer’s yeast which supposedly contains sufficient quantities 
of the B-complex vitamins other than thiamin. However, the possible destruc- 
tion of other \dtamins in the autoclaving process, particular!}'- thermolabile 
pyridoxine and pantothenic acid, cannot be excluded. A further criticism arises 
from the anore^a which graduallj’- develops in thiamin deficient animals and 
greatly increases the difficulty of supplying adequate \’itamiu intake if only the 
addition of autoclaved yeast is relied upon. Forced feeding is not tenable as it 
usually produces vomiting in such animals. From these considerations the 
possibility of multiple deficiencies arising with such dietary regimes cannot be. 
easily dismissed. To avoid these criticisms the more recent experiments have 
used supplements of cr3'stalline vitamins, administered either orally or paren- 
terally, independent of the diet. 

Materials and dietary regime. The present studies were made on a group of 
.50 cats. Onlj’- adult males in good health and nutritional state were selected. 
Their weights ranged from 2.7 to 4.5 kgm. The animals were kept in indi- 
vidual cages in a steam heated room at an average temperature of approximately 
25°C. The cats were weighed and examined once a day, usuallj’- in the late 
afternoon just before feeding. 

The chief component of the diet consisted of a canned dog food® containing 
ground zabbit meat and bone, wheat, I’oIIed oats, soy bean flour and carrots. 
Charcoal and cod liver oil were added. The analysis of this food as given b}’- the 
manufacturer is; crude protein (min.) .12 per cent; crude fat (min.) 3 per cent; 
crude fiber (max.) 2 per cent. Thiamin was destroyed by autoclatyng the 
sealed cans at 15 pounds pressure for five hours. Under the same conditions 
brewer’s yeast was also autoclaved in open glass dishes. A solution containing 
pjTidoxine hydrochloride, rilDoflarin and calcium pantothenate* was prepared 
fresh every week and kept in the refrigerator at 5°C. The completed diet was 
mixed fresh each day and has the following composition: 

Amounts -per cat per day 


Autoclaved canned dog food 225 grams 

Autoclaved brewer’s j'east . d.5 gram 

Pyridoxine HCl 0.4 mgm. 

Calcium pantothenate 1.0 mgm. 

Riboflavin 0-5 mgm. 


Once a week 5 cc. of cod liver oil were added. Since the vitamin requirements 
of the cat have not been determined the quantities of ciystallinc vitamin supple- 
ments are arbitrary and repz-esent approximately double the requirements de- 
termined for the dog by Schafer et al. (1941). 

’ Wild-I.ife Rabbit Meat Dog Food prepared by General Laboratories, Inc., Des Moines, 
Iowa. 

We wish to thank Dr. D. F. Robertson and Mr. L. .1, Ruland of the Merck Company for 
generous supplies of ciystalline vitamins. 



BEHAArLOE AJCD NEUROPHYSIOLOGY IN THIA:^^N DEFICIENCY 441 

Once a week the animals on diet were injected intraperitoneally with the same 
quantities of ciystalline \itamins as given in the food. Also, 5 mgm. of alpha 
tochopherol were given oralh* or injected. 

As anorexia developed the amount of canned food was reduced proportionately 
while the yeast and other supplements remained unchanged. 

II. Experimental evidence for specific thiamin deficiency. In figure 1, curve A, 
is shonm the typical gradual weight loss which occurs in cats on thiamin de- 
ficient diet. The loss per day was greatest in the second week and then became 
fairly constant, a decrease of 30 to 50 grams a daj’’ being found in most cases. 
The total weight loss in 75 per cent of the animals studied was of the order of 20 
to 30 per cent of the oripnal bod}’’ weight. About 10 per cent of the cats showed 



Fig"! 1. Weight curves of cats. Solid line, thiamin deficient diet. Broken line, diet plus 
0.5 mgm. of thiamin per day. 

Curve A, cat 10 on diet. Convulsive seizures appeared at s. 

Curve B, cat 3 on diet plus thianun. 

Curve C, cat 7 on diet. Single injections of 0.5 mgm. thiamin at arrows. 

decreases of only 10 per cent. In another 15 per cent weight losses of 35 per 
cent or more were found. The only other ob\dous signs of deficiency duiing 
this first period, lasting about three weeks, were anorexia and vomiting. Slight 
ataxia was observed in the hind limbs duiing the third and fourth week, inaugu- 
rating the onset of the critical stage characterized by abnormal posture, ataxia, 
asyner^a, dysmetria and shoi-t tonic com-ulsive seizures. The critical stage 
usually appeared in 25 to 35 days from the beginning of the diet. Prostration 
and death followed a few days later. 

To check the adequacy of . the diet a series of cats were placed on the thiamin 
deficient regime with the addition of 0.5 mgm. of thiamin per day. A typical 
case is sho’wn in figure 1, curve B. In every instance the animal maintained its 
original body weight or gained, and showed no neurological disorders after six 
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•weeks to three months on diet. Thus, the diet was complete except for thiamin 
if judged by its ability to maintain the animals in good health. 

The anorexia and concomitant weight loss were clearly the result of thiamin 
deficiency as shomx by the following experiment. A group of animals on diet, 
allowed to develop anorexia, were injected vdth 0.5 mgm. of thiamin intramus- 
cularh". Appetite returned •^nthin an hour and vith no further thiamin the 
animals ate normallj' for a few days and then graduall}^ developed anorexia 
again. A case tj^Dical of the whole series is shown in figure 1, curve C. Each 
time thiamin was injected the aniraal’s weight increased due to the increased food 
consumption and possibh’’ better utilization, after which the weight curve levels 
off and falls Avith the decline of appetite. Essentiallj’’ similar results AA^ere ob- 
tained AA'hen the thiamin AA'as giA^en orallJ^ 

The conA'ulsiA'^e seizures and other neurological disorders AA'hich appeared in 
the ciitical stage AA’ere also clearl}’- the result of thiamin deficienc3% In 40 con- 
Auilsive cats the injection of 1.0 mgm. of thiamin brought about a rapid, dramatic 
recoA^erJ^ ConAmlsions disappeared AAithin an hour and the folloAAing daj’’ the 
animal AA’as essentialh’’ normal. The injection of calcium pantothenate, pj'ridox- 
ine HCl, riboflaAnn, alpha tochopherol, choline, nicotinic acid, into critical 
stage animals brought about no improA'^ement, the animal CA^entuallj’- d3dng if 
thiamin AA’as not giA’en. The administration of glucose likeAA-ise shoAred no 
curatiA'e action. Particular attention AA'as giA^en in these studies to supplying 
adequate pjnidox'ine and pantothenic acid because a deficienc.v of these \dtamins 
may give rise to disorders someAA’hat similar to those found in thiamin defi- 
ciency. Wintrobe, Stein, Miller, Follis, Najjar and Humphrej's (1942) haA’’e 
reported epileptiform seizures in pjnido.xine deficient pigs and also nei’Amus dis- 
orders due to pantothenic acid deficienc3^ In the .same animal on thiamin de- 
ficient diet no neurological signs other than anorexia and A'omiting were ob- 
sei’A^ed (Wintrobe et al., 1942). In the cat, hoAA'eA^er, the situation is clearl3’ 
different for the dietar3' regime used, and the experiments reported here seem 
to limit the obsen'ed effects strictl3’^ to a specific lack of thiamin. Since the 
course of thiamin deficienc3’ in the present studies developed rapidl3' and ended 
AA-ith death in a period of 30 to 40 da3's, it ma3’^ be proper^’’ considered an acute 
deficienc3’’ in distinction to the chronic t3''pe studied b3'’ other investigators in 
animals AA’here symptoms appear after 60 to 200 da3’-s on diet. 

III. General behavior. The description AA’hich folloAA's is a composite of the 
salient features AA’hich AA'ere most often obserA'^ed in the series of 50 cats studied. 
The course of thiamin deficienc3’' in the cat ma3’' be considered to occur in three 
stages. 

1. Induction stage. The first change in the behaAuor of the thiamin deficient 
cat is a gradual lo.ss of appetite AA’hich usuall3’’ begins in the second AA’eek on diet, 
AA’ith complete anorexia 63’ the fourth AA’eek. Vomiting may also occur during 
this period. Other than the decline in food consumption the general behavior 
of the animal is nonnal. It shoAA’s interest in food and salNates, but little or 
nothing is actualh’ eaten. Walking is normal until the end of the third or fourth 
AA’eek, AA’hen a slight ataxia is often present in the hind limbs. Within a daA' the 
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animal passes from this period of essentially nonnal beha\dor into the critical 
stage. 

Critical stage. This is characterized by a host of nervous disorders. Ab- 
normal posture, ataxia and pupil dilatation are constant features, uith short 
tonic comnilsive seizures in 80 per cent of the cases. During this period the cat 
wall<s on a broad base uith an ataxic, swajdng gait. Walking in small chcles is 
commonly observed. In most cases the head is. markedly ventroflexed at all 
times and may .sho%Y a twist to one side. On the second and third day the func- 
tional disorders become progi'essively more severe. 

"ViTien present, the most striking episodes of the critical stage are sudden con- 
vulsive seiziu’es wliich may occur spontaneous^ at am’- time in the walking or 
resting animal. There are no preliminar}^ signs. Suddenlj- the head and neck 
ventrofiex maximally, the fore and liind limbs are extended and abducted, and 
the body tends to flex. Such tonic seizures last from 3 to 5 seconds and ter- 
minate as suddenly as the}^ begin. In a few cases con^’nlsions lasting somewhat 
longer were observed, nith both tonic and clonic components present. 

Pupillary dilatation is always maximal during and immediately following 
seizures. 

The earty period of the critical stage is often associated with considerable 
general actmty of the animal. There seems to be little or no impairment of 
higher cortical functions as judged from general beha\ior. The cat still shows 
intere.st in food, will come to the observer when called, and will follow. Wdien 
the animal is picked up, marked spastic tone in the limb and bodj' muscles is 
noted. Limb abduction and powerful movepients of the trunk are commonlj'- 
observed in carr3dng such animals. Cats in the critical stage are unable to jump 
from one level to another. The head and neck ventrofiex and the animal turns 
half a somersault, landing on its back. 

It has been mentioned that seizures appear spontaneously* in the resting ani- 
mal. They* may also be precipitated by* external stimuli such as loud noises or 
bright lights. By far the most effective method is to suddenly* change the ani- 
mal’s orientation or position. Thus, holding the cat supine and then placing it 
back on its feet vill almost invariably produce a seizm’e. 

The marked neurolo^cal disturbances observed in the earW period of the 
critical stage must be considered reversible functional disorders since all signs of 
the deficiency disappear witliin a day following the injection of thiamin. Cats 
given f.hinmin during the late critical stage may* show some functional impair- 
ment, particularly ataxia in the hind limbs, for several weeks. 

S. Terminal stage. The acti^dties of the critical stage gradually lessen until 
the animal becomes weak and unable to walk. At tins time it enters the ter- 
mmal stage. In some cases extensor tone appears in the limbs and the animals 
seem comatose. 

All attempts to recover animals from the terminal stage with tliiamin failed. 
It is therefore considered a period of irreversible changes which lead to death 
within a day* or two. The period from the onset of the terminal stage to death 
is 1 to 3 days. 
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R'. Study of reflex action in thiamin deficient cats. The present series of ex- 
periments on the reflex acthaties of cat-s in the critical stage were conducted 
vith the idea of localizing more preeiselj’- the site of the functional nervous dis- 
orders observed. Extensive use has been made here of the monograph bj' Fulton 
(1938) which contains an adnairable summarj' of the reflex acthdties of the cat 
and the neural pathways involved. 

1. Spinal reflexes. The flexor withdrawal of the limb from painful stimuli 
vas present in all stages. The knee jerk was also essentially normal. 

2. Postural reflexes. The proper maintenance of orientation of the head and 
bod\’' when an animal is in motion or at rest is achieved Iw’’ a number of complex 
reflex actirities gi’ouped under postural reactions. The general beharior of 
animals in the critical stage was indicative of functional disturbances of these 
reflexes, and a detailed stud}’ was therefore undertaken. 

Tonic labyrinthine reflexes. If a blindfolded normal animal is lifted by the 
hind limbs, the animal dorsiflexes the head and neck bringing the head into a 
plane as nearl}’^ parallel with the floor as possible. Animals in the critical stage 
do not show the noimal reaction, the head remaining ventroflexed. Further, 
when the normal animal is held in the air supine the head tends to turn, while 
cats in the critical stage show .spastic head ventrofle.xion wliich usually remains 
unchanged no matter in what position the anunal is held. 

Righting reactions. The righting reactions of the cat are developed to an ex- 
ceptional degree in regard to their speed and accuracy. In startling contrast to 
the nonnal is the almost complete loss of bod}^ righting in air observed in the 
critical stage. When such an animal is held in the supine position the limbs are 
usually extended and abducted and the head ventroflexed. Upon releasing the 
cat this position remains '^frozen” throughout the fall. However, when the back 
of the animal contacts the surface of the pillow righting occurs immediatel}^ 

Body righting reactions acting on the head. This righting is initiated by the un- 
equal stimulation of the two sides of the body. Cats in the critical stage when 
laid on their side are able to right themselves. The same reaction apparently 
accounts for the righting which occurs when the animal falls on its back. This 
is the only righting reflex studied wliich remains nonnal. 

Vestihulo-ocular reflex {nystagmus). In order to obtain more specific informa- 
tion with regard to the functional condition of the semi-circular canals and 
associated reflex pathways, a study of postrotatory nystagmus was made on the 
series of 10 cats during the course of thiamin deficiency. The experiments vere 
conducted with a .specially constructed revolring table. The animal was placed 
with the head over the center of rotation. Considerable care was taken in cen- 
tering the head, which was fixed securelj’ and in a horizontal plane. An electric 
motor turned the table at 120 revolutions per minute. The animals wore ro- 
tated for one minute. The motor was then stopped and ten seconds later the 
revolring table was brought to a halt. Nj’stagmus time and the number of 
excui'sions of the eyes were then taken. Duplicate inns on the same animal 
checked within a second and variation from daj' to day in normal controls was 
never greater than three seconds. 
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A consideration of the typical data presented in table 1 reveals the vdde varia- 
tion in n.vstagmus time in different cats. It is necessaiy, therefore, to study each 
case separately in determining the possible effects of thiamin deficiencj'. During 
the induction stage in the cat the n 3 ’’stagmus time tends to decrease slightlj^, 
but the change is so small as to be of doubtful significance. I\lien the animal 
reaches the critical stage a striking decrease in the duration of nj'stagmus occurs. 
Also the eya movements tend to be small and erratic. In contrast to these 
findings are those of Church (1935) ivho found that n^’^stagmus time became 
progressivelj' greater diu'ing the development of deficiencj’’ in the rat up to the 

TABLE 1 


Posiroiaiory nystag7mis tune and characteristics in normal and thiamin deficient cats 


CONT)ITION OR STAGE 

DAYS ON DIET 

NYSTAGMUS 

TIME 

1 

NUilBER or 
EXCURSIONS 

TYPE OF EXCURSION 



seconds 



Normal 


36 

9S 

Normal, large 

Induction 

4 

37 

97 

Normal, large 

Induction 

14 

32 

97 

Normal, large 

Critical 

2S 

16 

2& 

Erratic, small 

2 days post Bi* 


19 

41 

Normal, large 

Normal 


22 

60 

Normal, large 

Induction 

4 

23 

65 

Normal, large 

Induction 

14 

22 

60 

Normal, large 

Critical 

31 ‘ 

5 

4 

Erratic, small 

Normal 

; ! 

22 

30 

Normal, large 


19 

17 

39 

Normal, large 

Critical j 

1 29 

4 

4 

Erratic, small 

2 days post Bi 


24 

40 

Normal, large 

Normal 


36 


Normal, large 

Induction 

IG 

35 


Normal, large 

Induction 

22 

34 


Normal, large 

Critical 

30 

20 ! 


Erratic, small 

Critical 

31 

16 


Erratic, small 

1 day post Bi 


22 

26 

Normal, large 


* Number of days after injection of 1 mgm. of thiamin and return to normal diet. 


time of the onset of disturbances of equilibrium and then decreased precipitously*. 
These rats vere on a diet in which autoclaved yeast was used as the only* source 
of B-compIex ^-itamins and therefore the possibility of other vitamin deficiencies 
occuiTing cannot be overlooked. 

The depression of the vestibulo-ocular reflexes during the critical stage is a 
reversible phenomenon, for after recovering the cat by injecting thiamin, nystag- 
mus time increases toward normal and the ocular movements are of the large 
normal type. 

Hopping arid placing reactions. These postural reactions have been studied 
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in the cat by Bard (1933) and shown to have a stiict cortical localization in the 
cerebrum. These two i-eflexes are present in cats on diet up to and including the 
critical stage. 

3. Light reflex. This reflex is present but pupillary constriction is less than 
normal. For a given light intensity, the pupils of a deficient cat in the critical 
stage are approximatel 3 " twice the size of those of a normal animal. 

4. Cerebellar fxinclion. Special attention was directed to the studj’ of Hmb 
and bodj' movements when the animals were walking. These observations 
revealed some of the tj^Dical signs associated vdth cerebellar lesions, namel}^ 
ataxia, dysmetria and asjmergia. These three conditions result in a staggeiing 
unco-ordinated, wea^^ng gait with the animal often hfting the limbs too high and 
losing its balance. 

5. CerehrocorLical function. It has been mentioned that the behaTuor of the 
thiamin deficient cat indicates little impairment of cortical function. Further, 
the ability of the animal to follow an object vdth the ejTS shows that sight is 
present as does also the avoidance of obstacles when walking about. That the 
animal hears is indicated b 3 ' the presence of startle to loud noises and the turning 
of the ears to less intense sounds. The integrity of the hopping and placing 
reactions is also e^ddence of noimal cortical function. 

Discussion. The presence of normal flexor response and knee jerk make it 
highly improbable that any of the obseiwed signs of tliiamin deficienc 3 ’- are due to 
impairment of the sensor 3 * or motor end organs and associated nerve fibers 
Further the widespread nature of the disorders and their almost simultaneous 
appearance direct attention to the central nervous S3'stem as the site of these 
functional disturbances. 

The functions of the cerebral cortex do not appear to be markedly impaired. 
Rather, it is in the postural mechanism that the most striking abnormahties are 
obseiwed. The abnormal posture and loss of righting in ah most probabty result 
from the functional impainnent of the reflexes arising c]iiefl 3 ’’ in the otolithic 
maculae. These righting reactions are integi'ated in the reticular substance at 
the level of the red nuclei in the midbrain according to Ingram, Hanson and 
Harris (1934). 

The decreased n 3 'Stagmus time obsen'ed is indicative of a disturbance in the 
vestibulo-ocular reflex pathwa 3 ' which has s 3 Tiapses in the nuclei of the third, 
fourth and sixth nerves hung in the midbrain and pons. The ataxia, as 3 'ner^'a 
and d 3 'smetria observed ma 3 ' arise from a lesion in the red nuclei of the mid- 
brain. Ingram and Ranson (1932) have shown that destruction of the red 
nuclei in the cat leads to signs similar to those seen following ablation of the 
cerebellum. 

A constant accompaniment of the critical stage is the pupillar 3 ' dilatation 
which is at all times greater than noimal and becomes maximal during and im- 
mediateh' after convulsions. Release of adrenalin during the seizures mav’’ be 
in-s’olved in the dilatation seen at this time. However, a disorder in the reflex 
pathwav', possiblv* in the pretectal region of the midbrain, seems more probable 
since the pupil dilatation becomes progressively greater and finall 3 ' maximal m 
the terminal stage when convulsions no longer occur. 
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From these considerations it is seen that the functional nervous disorders 
observed in the thiamin deficient cat involve reflex pathways which have im- 
portant synapti c centers in the midbrain. Functional disturbances of the nuclear 
masses in the upper portion of the brain stem would therefore account for most 
of the observed signs. From liis studies on beriberi rats, Church (1935) de- 
scribed a similar locus to accoimt for, the neurological disorders which are in 
many respects similar to those seen in the cat. Prickett (1934) described marked 
cellular damage in the region of the vestibular nuclei and cerebellum of chronic 
thiamin deficient rats. 

It is more difficult to locate the origin of the convulsive seizures. Generally, 
it is assumed that these result from cortical activit^^ However, the short dura- 
tion of the convulsions in the tluamin deficient cat, lasting for only a few seconds 
in most cases, militates against cortical origin. Rosenblueth and Cannon (1942) 
in a study of the character of cortical discharge found actirtt)^ lasting for a min- 
ute or more. Possibly the seizures observed in the critical stage animals maj'’ 
have a subcortical origin, perhaps in the midbrain itself. , 

Since the onset of nervous disorders is veiy sudden it appears that the defi- 
ciency reaches a critical level beyond which normal function is no longer possible. 
The simultaneous appearance of the signs of the critical stage is suggestive of a 
localized functional lesion. The anorexia and vomiting which occur much 
earlier most hkely involve a different mechanism, possibly a disturbance of tone 
or absorptive capacity of the gastro-intestinal tract. 

The onset of the critical period is one of dysfunction not entirely depressive in 
character. The hj’pertonia, restlessness and seizures are more indicativ^e of 
hyperexcitabihty or release phenomena. As the animal progresses into the late 
critical stage, this excitability gives way rapidlj^ to general depression and finally 
the irreversible changes associated with the terminal stage. 

SUMJLVRY AND CONCLUSIONS 

1. A dietary regime, having as a feature the usfe of crystalline vitamin supple- 
ments given both orallj’’ and intraperitoneallj’’, has been shovm to meet the re- 
quirements for the production of specific thiamin deficiency. Thus, the diet was 
shovm to maintain the animal in normal health if thiamin was added. Further 
the disorders arising while the animals were on diet, namely, anorexia in the early 
period and postural disturbances and convulsions in the critical stage, were 
specifically alleviated within a period of a day after^the injection of thiamin. 
Injection of other B complex vitamins had no effect. 

2. The development of thiamin deficiency in the cat may be dirtded into three 
stages: 1, induction stage, characterized by the development of anorexia; 2, 
critical stage, characterized by the sudden appearance of manj" neurological 
disorders, particularly of the postural mechanisms, and usuallj’- short tonic 
convulsive seiziues. The animal becomes progressive!}* weaker and passes into 
3, the terminal stage where the animal is prostrate and cannot be recovered; 
death follows vithin a day or two. 

A detailed study of the reflex actmties of cats in the critical stage revealed 
impairment of 1, labyiintliine righting reactions as shown by the abnormal head 
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position and loss of righting in air; 2, vestibulo-ocular reflex as indicated by the 
decreased nj^stagmus time; 3, pupillary light reflex as revealed by the increase in 
pupil size. Dysfunction of the cerebellum was suggested b}^ the presence of- 
asynergia, ataxia and dysmetria. 

A consideration of the reflex pathways involved in the reactions wliicli showed 
impairment revealed that all of them have sjTiaptic centers in the midbrain. 
This is proposed as the probable locus of the functional lesion giving rise to the 
observed nervous disorders. 

Acknowledgmmts. The author wishes to express liis appreciation to Dr. D. C. 
Smith for his interest and helpful direction of tliis work, and to Dr. J. E. P. 
Toman for suggestions in the preparation of the neurological studies. 
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A strain of snane mth a defective blood clotting mechanism has been de- 
scribed in earlier reports (1, 2, 3). It was reported, along vith other observa- 
tions, that when studied by the procedure of Howell and Cekada (4) the plate- 
lets from the defective animals disintegrated more slowR than did those from 
normal animals. The rate of disintegration, by tliis procedure, is measured by 
microscopical examination of blood smears taken from samples of coagulating 
blood. The intermediate grouping and agglutination during the stage of platelet 
break-dovTi makes the end point indefinite and the method is highly subjective. 

The purpose of this investigation was to de\use an objective method of measur- 
ing the fragility of blood platelets, and to compare the fragihty of the platelets 
in bleeder and in normal swine blood. 

Experimental. The method adopted for' the measurement of platelet fragil- 
ity is based on the fact that platelets, in the same manner as red cells, are rup- 
tured by hypotonic solutions. It is assumed for the present that when platelets 
disintegrate they release thromboplastin which accelerates the rate of coagulation 
in recalcified plasma. The rate of coagulation then is an indirect measure of 
the extent of platelet disintegration, or platelet fragility. The procedure for 
estimating platelet fragility is a modification of Sanford’s method (5) of esti- 
mating erjdhrocjde fragility: 

1. Arrange in order of concentration a series of 10 glass test tubes (75 mm. x 
10 mm.) which contain sodium chloride solutions of var^dng concentrations. 
Each tube contains 0.75 ml. and the concentrations of the salt, in percentages, 
are: 0.0, 0.3, 0.5, 0.7, 0.8, 0.9, 1.2, 1.5, 2.0 and 2.5. 

2. Draw 8 ml. of blood, bj- venous punctme, directly into a cold paraf- 
fined centrifuge tube containing 2 ml. of 3.8 per cent trisodium citrate 
(iSraaCeHsOT • 5 . 5 H 2 O) . Keep the tube in an ice bath until centrifuged. 

3. Centrifuge the blood lightly, just long enough to remove the erythrocytes 
from the cloud}^ platelet-laden plasma (1000 R.P.AI. for 8 minutes in an angle 
centrifuge ■with an outside diameter of 25 cm.). Centrifugation should be com- 
pleted in less than 30 minutes after the blood is collected. 

4. Add 0.25 ml. of plasma and 0.1 ml. of 2.5 per cent CaCb -21420 to each of the 
10 tubes described in no. 1. 

5. Thoroughly mix the contents of the tubes by shaldng. Tilt the tubes at 
30 second intervals in order to ascertain the coagulation time. The coagulation 

.time includes the period between addition of the calcium ion and completion of 
the coagulation process. 

1 Aided by a grant from the John and ^lary R. IMarkle Foundation. .lournal Series no. 
93S. 
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If more convenient, tlie coagulation step can be carried out at room tempera- 
ture since, according to Cheney (6), a A’-ariation between 23° and 26°C. has little 

TABLE 1 


Relation of cloudy plasma coagulation time to salt concentration 






% NaCl VSZD AS DILTiEST 




TEiSPEHATUl^ 

AXniAI^KO. 

0.0 

0.3 

0.5 

0.7 


0.9 

■g 

lA 

2.0 

2.3 

TmEK 

CENTRinJCXD 

X, 





Coagulation time in minutes 




80 B* 

2.5 

4.0 

7.0 

9.0 

9.0 

9.5 

10.5 

17.0 

32.0 

65.0 

25 

1 B 

3.0 

4.0 

7.5 

10.5 

9.5 

9.5 

13.0 

18.5 

34.0 

85.0 


126 B 

2.5 

3.5 

6.0 


8.0 

8.5 

12.0 

16.0 

24.0 

63.0 

\ 

108 B 

2.5 

4.0 

7.0 

7.5 

7.0 

8.5 

9.5 

14.0 

28.0 

71.0 


127 B 

2.5 

3.5 


7.5 

6.5 

8.5 

9.5 

14.5 

30.0 

57.0 


Average 

2.6 

3.8 

6.7 

8.5 

8.0 

8.9 

10.9 

16.0 

29.6 

68.2 


34 Nt 

2.5 

2.0 

4.0 

5.0 

5.0 

6.0 

6.5 

8.0 

14.0 

18.0 

25 

70 N 

3.0 

4.5 

4.5 

4.5 

5.0 

5.0 

6.5 

8.0 

16.0 

40.0 


85 N 

2.0 

2.5 

4.0 

4.5 

4.5 

5.0 

5.0 

8.0 

12.0 

22.0 


84 N 

2.5 

2.5 

4.0 

4.0 

5.0 

5.5 

5.5 

8.0 

11.0 

19.0 


91 N 

2.5 

3.0 

4.0 

4.5 

4.5 

5.0 

6.0 

8.5 

12.0 

20.0 


Average 

2.5 


4.1 

4.5 

4.8 

5.4 

5.9 

8.1 

13.0 

23.8 


30MB 

4.0 

BBKnBl 

12.0 

14.0 

14.5 

19.5 

30.5 

49.0 


0 

35 B 

4.5 


7.5 

9.5 

14.5 

18.5 

21.5 

29.5 

34.0 

|y|Q 


36 B 

2.5 



9.0 

9.5 

11.5 

14.5 

16.5 

33.0 

BkkiI 


30F B 

w 

4.5 

4.5 

7.0 

13.5 

17.5 

18.5 

28.0 

43.0 

92.0 


3 B 

m 


11.0 

16.5 


19.5 

17.5 

23.5 

55.0 

96.0 


Average — 

3.6 

4.7 

7.8 :10.8 



13.9 

16.3 

18.3 

25.6 

42.8 

83.6 


2 N 

3.5 

4.5 

6.5 

7.0 

7.5 

9.0 

10.5 

16.0 

29.0 


0 

1 N 

4.0 

0.0 

6.5 

7.5 

8.5 

9.5 

12.5 

16.0 

21.0 



3 N 

3.5 

4.5 

5.0 

5.5 

6.0 


7.5 

12.0 

21,0 



37 N 

4.0 

5.0 

7.0 

7.5 

7.5 


S.5 

15.5 

19.0 

24.5 


S N 

3.5 

4.5 

5.5 

7.5 

8.0 


11.0 

12.5 

24.0 



Average 

3.7 

4.8 

6.1 

7.0 

7.6 

8.5 


14.4 

22.8 

32.3 





m 


11.0 

12.6 

14.6 


36.2 

75.9 

Combined 

Average of lo| 
normals ! 3.1 

3.9 

5.1 

5.S 

6.2 

7.0 

7.9 

: 

11.3 

17.9 

2S.1 

Combined 


* Bleeder, 
t Normal. 


effect on the plasma coagulation time. During this investigation, however, the 
tubes were kept in a constant temperature water bath at 25°C. In the first 
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series of trials the blood was centrifuged at room temperatiu’e, but in later trials 
the temperature was reduced to 0°C. This change was made in order to delay- 
platelet breakdo-v\Ti during the period preceding recalcification. 

When the plasma is diluted nith hypotonic salt solution some platelets are 
necessarily subjected momentarily to a lower tonicih’^ than that of the final dilu- 
tion. Whether the platelets disintegrate during or after dilution, the coagula- 
^ tion time is an index to the extent of platelet break-do^^^l. The experimental 
conditions in the normal and bleeder plasmas are the same, and anj’- differences 
in the results are presumably due to differences in the platelets. 

The data on plasma coagulation time are shown in detail in table 1 and shown 
graphicallj’^ in figure 1. 


TABLE 2 

The interrelation of coagulation time, platelet quality, platelet quantity and salt 

concentration 


PLATELET CONCENTRATION 

i 

KIND OF 
ANIMAL 

NO. OF 
ANIMALS 
A\*ERAGED 

% NaCl USED AS DILUENT 

0.0 

0.3 

0.5 

0.7 

0.8 

0.9 

1 

1.2 

1 

1.5 

2.0 

2.5 

CoaKuIation time in minutes 

Whole blood 

Normal 

5 

4.5 

5.4 

6.0 

7.5 

7.9 

8.4 

9.9 

13.8 

20.9 

32.6 


Bleeder 

5 

3.6 

4.8 

8.0 

9.6 

11.2 

12.2 

16.2 

22.5 

39.6 

132.3 

Cloudy plasma 

Normal 

10 

3.1 

3.9 

5.1 

5.8 

6.2 

7.0 

7.9 

11.3 

17.9 

28-1 

(platelet rich) 

Bleeder 

10 

3.1 

4.3 

7.3 

9.7 

11.0 

12.6 

14.6 

20.8 

36.2 

75.9 

Clear plasma 

Normal 

5 

8.3 

8.4 

8.6 

9.0 

10.0 

10.1 

15.0 

20.7 

28.6 

930.8 

(platelet poor) 

Bleeder 

5 1 

14.9 

15.8 

20.5 

21.1 

1 

21.8 

i 

25.4 

39.3 

68.0 

218.0 

CO 

Filtered plasma 

Normal 

5 

17.1 

17.1 

18.2 

19.4 

19.0 

26.1 

136.8 

166.5 

CO 

CO 

(platelet free) 

Bleeder 

5 

74.S 

1 

73.9 

1 

75.3 

1 

75.8 

85.3 

95.2 

i 

838.1 

CO 

00 

00 


00 = more than 3200 minutes. 


According to the conventional interpretation the data indicate that if the 
solution is sufliciently hj’-potonic to cause complete disintegration, bleeder plate- 
lets liberate as much thromboplastin as do normal platelets. However, as the 
salt concentration approaches the physiological level, the bleeder platelets dis- 
integrate less rapidly and, therefore, liberate less thromboplastin than do normal 
platelets. Apparently bleeder platelets in 0.5 per cent sodium chloride disin- 
tegrate at about tlie same rate as do normal platelets in 0.9 per cent sodium 
chloride solution. This comparison supports the hypothesis that bleeder plate- 
lets are abnormally stable. 

In an effort to deteimine whether or not the accelerated rate of coagulation in 
hypotonic solutions is due to platelet disintegi’ation the technique was repeated 
on plasmas containing different concentrations of platelets. Clear, platelet-poor 
plasma was prepared by centrifuging the blood at 4000 H.P.jM. in an angle cen- 
trifuge for one hour at 0°C. Platelet-free plasma was prepared bj' filtering the 
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clear plasma througli a sintered glass filter (diameter of largest pore = 7.6m). 
Whole blood was included in the study to observe the combined effect of eiwthxo- 
cytes and platelets. The coagulation time of these preparations, with varjdng 
concentration of sodium chloride, w-as deteraiined by the methods pre^dously 
described and the data are summarized in table 2. The relation between the 
coagulation time of bleeder and normal platelet-free plasma is presented graph- , 
ically in figure 2. 

Discussiois. The data in table 2 .show that the number of platelets, the char- 
acteristics of the platelets, and the concentration of salt are all factors in the ■ 
coagulation time of plasma. The addition of water to cloudy plasma decreased 
the coagulation time of bleeder and normal plasma to the same low level (fig. 1), 



CONCENTRATION OP NaCI USED AS DILUENT 

fPER CENT) 

Fig. 1. The effect of salt concentration on the coagulation time of platelet-rich plasma. 

Fig. 2. The effect of salt concentration on the coagulation time of platelet-free plasma. 

but the addition of water to platelet-free plasma had a negligible effect on the 
coagulation time (fig. 2). WTien physiological saline, or any of the more dilute 
solutions was added, the coagulation time of bleeder platelet-free plasma was 
consistently about four times longer than that of normal platelet-free plasma. 
The more labile normal platelets liberated thromboplastin before they were 
centrifuged and filtered out and the resulting plasma coagulated in a compara- 
tively short time. The relatively stable bleeder platelets, however, could be 
removed before they appreciably disintegrated and the resulting thromboplastin- 
deficient plasma coagulated slowly. The differences in coagulation time of 
platelet-free plasma from bleeder and from noi’mal animals cannot be eliminated 
by decreasing the tonicity of the solution (fig. 2). Since the coagulation time of 
platelet-free pla.sma cannot be reduced to a normal level by dilution, this reduced 
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time in cloudy iilasma is probabty explained b}’- platelet activation. Likewise, 
as would be expected from these observations, when the tonicity of clear, plate- 
let-poor plasma was reduced (table 2), there was no decided reduction in coagula- 
tion time, though the fall was more evident in the bleeder preparation. In whole 
blood, however, lowered tonicit}’- decreased the coagulation time far below the 
normal level in both bleeder and normal samples (table 2). These data indicate 
that platelet stabilit}^ can be reliablj^ estimated bi’^ the technique described. 

Howell and Cekada (4) did much to popularize the idea that hemophiha plate- 
lets are abnormally stable and our earlier work (1) followed their procedure which 
is based on microscopical examination of platelets in a sample of coagulating 
blood. One could assume that the coagulation changes hasten platelet break- 
dovTi rather than the more popular hypothesis that the platelet break-down 
hastens rapid coagulation. The possibility is not excluded that a tlnrd factor 
initiates simultaneously blood coagulation and platelet break-domi and the 
determination of platelet stabiht}^ in a sample of coagulating blood may measure 
something other than an inherent platelet defect. However, in the method used 
in this investigation the platelet break-domi is initiated by hypotonic solution 
before recalcification and before the coagulation process is under way. If the 
solution is sufiiciently h3qDotonic to disrupt all the platelets, the platelet dis- 
integration and plasma coagulation processes are separated. The most plausible 
explanation then of the data in tallies 1 and 2 is that rapid coagulation is the 
result of the platelet break-down. However, this explanation does not exclude 
the possibilit}' that coagulation maj^ have some effect on intact platelets. Since 
a decrease in tonicit}- reduced coagulation time of both bleeder and normal 
platelet-rich plasma to the same low level, it is assumed that the defect in bleeder 
blood has some relation to abnormal^ stable platelets. 

SUMJIARY 

1. The coagulation time of platelet-containing plasma is sharph' reduced on 
dilution with hjqiotonic salt solution. 

2. Bleeder plasma coagulates at the same rate as normal plasma at the lower 
salt concentrations. 

3. It is assumed as a tentative explanation that bleeder platelets are more re- 
sistant to hjqiotonic salt solution than are normal platelets. Tidien the}* do 
disintegrate the}" may release as much thromboplastin as do normal platelets. 

4. The coagulation time of cloudy plasma, Avhen made hypotonic, is an index 
of platelet fragility. 

REFERENCES 

(1) IIoG.^N, A. G., M. E, rvIuHREH AXD R. BoGAKT. Proc. Soc. Exper. Biol, and Med. 48: 

217, 1941. 

(2) Bogart, R. axd jSI. E. Muhrer. J. Heredity 33: 59, 1942. 

(31 AIvurer, M. E., a. G. Hogax axd R. Bogart. This Journal 136: 355, 1943. 

(4) Howele, }V. H. axd E. B. Cek.ada. This Journal 78: 500, 1926. 

(5) Todd, J. C. .\xd A. H. S.\xford. Clinical diagnosis by laboratory methods. W. B. 

Saunders Co., Philadelphia, 1936. 

(6) Chexey, G. Am. J. Med. Sci. 203: 325, 1942. 



THE EFFECT OF CAFFEINE UPON GASTRIC SECRETION 
IN THE DOG, CAT AND MAN 

J. A. ROTH AND A. C. IVY 

From ike Deparlmenl of Physiology, Northwestern University Medical School, Chicago 

Received for publication March 6, 1944 

We have recently’’ confirmed the work of Judd (1) on the experimental produc- 
tion of acute and subacute gastric ulcers in cats by the intramuscular implanta- 
tion of caffeine in a beeswax-mineral oil mixture (2), It is to be suspected that 
the constant elaboration of a highlj’- acid gastric juice might be one of the factors 
involved in the pathogenesis of such ulcers. However, there is no uniformity of 
opinion among investigators as to whether caffeine does or does not stimulate 
gastric secretion. 

Caffeine has been shown consistently to have no effect upon gastric secretion 
in Pavlov and Heidenhain pouch dogs (1, 3, 4, 5, 6, 7, 8). Actual investigation 
of the influence of caffeine upon gastric secretion in the cat has not been made, 
but an excito-secretorj’- effect has been suspected (1, 9, 10). Considerable dis- 
agreement is found in the literature concerning the effect of caffeine in man. 
Various authors (6, 11, 12, 13, 14) conclude that caffeine does not stimulate gas- 
tric secretion in man; whereas others (15, 16, 17, 18) have observed an increased 
output of acid gastric juice after caffeine administered orallj’- or parenterally. 
The experimental design and technique used in some of the investigations on 
human subjects was poor in the light of current knowledge. 

The purpose of the present investigation was to determine whether caffeine 
stimulates gastric secretion in man, cat and the dog, and whether the apparent 
species difference does exist. 

Methods. Dogs. Four dogs with Pavlov pouches of the stomach and two 
dogs Mth gastrostomies were used in these studies. In all experiments, before 
caffeine was administered, the animals were allowed to become basal, i.e., secret- 
ing no free acid. The dose of caffeine used was 250 mgm. as the sodium benzoate. 
The caffeine was usuall3’^ given subcutaneously, but in a few experiments the intra- 
muscular and intravenous routes were used. Following the injection of caffeme, 
the gastric juice was collected for a two-hour period. In order to demonstrate 
that these gastric pouches were capable of responding to a known stimulus, hista- 
mine was injected subcutaneouslj" two hours after the administration of caffeme 
and the gastric juice collected for another one-hour period. Tlie histamine used 
was the dihydrochloride; the dose varied from 0.2 to 0.4 mgm., but was kept con- 
stant for any given animal. 

Cats. Acute experiments on cats under chloroform anesthesia were conducted 
using a modification of the technique devised bj'- Lim (19) which consists of liga- 
tion of the cardio-esophageal junction, excluding the vagi b}' previous dissection, 
and cannulation of the stomach with a perforated rubber tube inserted through 
the pjiorus. With cats prepared in this manner, the effect of caffeine on gastric 
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secretion was studied. Caffeine w^as administered intravenously in doses of 65 
to 125 mgm. as an aqueous solution of caffeine with sodium benzoate. As the 
drops of gasti’ic juice fell from the cannula, thej'’ were recorded on a slowly moving 
kymogi-aph. From this record the rate of flow (drops per minute), latent period 
and duration of response were calculated. 

In another group of experiments, 100 mgm. of caffeine in 20 cc. of distilled 
water, neutralized to pH 6, was introduced through the pyloric cannula and 
allowed to remain in contact with the gastric mucosa for 30 minutes. After this 
interval the gastric contents were drained and the stomach rinsed twice with dis- 
tilled water. The gastric secretion was collected for a period of 90 to 120 minutes, 
washing the stomach eveiy 30 minutes. 

Human subjects. Fractional gastric analyses were conducted on human sub- 
jects using a “block” technique to permit exposure of the gastric mucosa to the 
test meal for a period of 30 minutes. All tests were performed after a fast of 10 
to 12 hours. To obtain the “basal” level of secretion, the stomach was emptied 
completely of its contents every 10 minutes for a control period of one-half hour. 
By means of a large syringe, 200 cc. water (temp. 37-40°C.) containing 250 mgm. 
sodium benzoate was introduced into the stomach via the Rehfuss tube, serving 
as a control for the volume and chemical influence of sodium benzoate in the 
caffeine test meal. For the next two lO-minute intervals, 10 cc. samples of gas- 
tric contents were removed for analysis. The purpose in removing these samples 
was to detect the first rise in acid concentration and thus the latent period. 
Thirty minutes after the control test meal was introduced and every ten minutes 
thereafter until the secretorj^ response had subsided and the “basal” level once 
again was obtained, the stomach was emptied completely of its contents. ^ 
pointed out by Bloomfield and Keefer (20) the complete emptying of the stomach 
is made more certain by having the subject lean backward, forward, and from 
side to side as the stomach is aspirated. Having thus obtained the “basal” level 
of secretion and the secretory response to a control test meal, an equal volume of 
water containing 250 mgm. caffeine as the sodium benzoate was introduced via 
the stomach tube and the “block” procedure again conducted as outlined above. 

The total output of acid was calculated on the basis of the titration values for 
the two 10 cc. samples plus the complete recovery every 10 minutes thereafter for 
a period of 1 hour. Thus, since the volume of gastric contents aspirated depends 
upon not only the secretion but the amount lost through the pylorus, the total 
output of acid would be gi-eater than that represented in the data. 

Another gi'oup of expei'iments were made on human subjects to study the 
gastric secretoiy effect of caffeine administered intramuscularly. After a “basal ” 
control period of 30 minutes, 250 mgm. caffeine were injected intramuscularly 
and the total gastric contents aspirated everj'- 10 minutes for at least one and 
one-half hours. 

All samples of gastric juice in these experiments were titrated against 0.0278 N 
NaOH (1 cc. equals 1 mgm. HCl) for free and total acidity, using Topfer’s reagent 
(pH 3.5) and phenolphthalein (pH 8.5) respectively. In all cases the responses 
are expressed as the output of acid in milligrams of HCl. 
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Results. Dogs. The results of 32 experiments on 6 dogs are summarized in 
the accorripanying table 1. In no instance did the parenteral administration of 
caffeme stimulate gastric secretion in the dog, but histamine gave rise to its usual 

TABLE 1 


The gastric secrelonj response to caffeine and histamine in dogs 


BOGS 

BOG NO. 

NO. OF 
FXFTS. 

AVZ, POST-CAFFEINE RESPONSE 
(moh. HCI/2 HRS.) 

AVE. POST-HISTAillNE RESPONSE 
(SIGlt. HCi/i HE.) 

Free acid 

Total acid 

Free acid 

Total acid 

Pavlov pouch 

P-1 

8 

0.0 

2.7 

57 

75 

dogs 

P-2 

6 

0.0 

7.S 

53 

66 


P-3 

6 

0.0 

5.2 

76 

97 


P-4 

6 

0.0 

2.3 

31 

46 

Gastrostomy 

G-1 

3 

0.0 

5.0 

23 

32 

dogs 

G-2 

3 1 

0.0 

11.0 

54 

98 

Ave 

6 

32 

0.0 

1 

j 5.8 

49 

69 


TABLE 2 

The gastric secretory response to intravenous caffeine* in cats 


1 

CAT NO, 
VAGI 

INTACT 1 

i 

PRE- 1 

CAFFEINE 

RATF. 


MAX. POST- 
CAFFEINE 
RATE 

BURATION 

OF 

RESPONSE 

VOLWIE A-VO MGM. TREE HYDROCHtORIC ACID 

LATENT 

PERIOD 

Pre-caffeine (10 min.) 

' Post-caffeine (00 min.) 

i 

1 

1 





j cc. 

mgm. HCl 

CC. 

mgm. HCl 

1 

drops/miu. 

0.33 

min. 

20 

drops/min. 

5.00 

! min. 

30 

1 0.4 

0.0 - 

S.3 

41. S 

2 

O.OS 

13 

1.84 

76 

0.6 

0.4 

4.0 

6.6 

3 

0.38 

13 

1.23 

34 

0.3 

0.2 

2.7 

11.6 

4 

0.64 

20 

1.17 

48 

0.2 

0.6 

2.9 

6.7 

5 

0.34 

12 

1.03 ' 

39 

0.1 

0.0 

2.7 i 

11.0 

6 

0.23 

7 

4.00 

50 

0.3 1 

0.0 • 

8.3 

20.6 

‘ 7 

0.11 

12 

1.89 ! 

30 

0.2 i 

0.1 j 

2.2 

2.0 

8 

0.12 

10 

2.5S 1 

61 i 

0.1 

0.0 

5.2 

14.2 

9 

0.41 

10 

1.36 

39 

0.2 i 

0.0 

5.2 

22.1 

10 

0.23 

6 

3.86 

47 

0.1 

0.1 

5.9 

19.4 

11 

0.38 I 

9 

1.50 

35 

0.2 

0.0 

4.1 

8.8 

12 

0.06 

12 

3.00 

56 

0.3 

0.0 

7.4 

29.4 

13 

0.40 

17 

2.60 

40 

0.1 

0.0 

2.3 

13;o 

14 

0.20 

i 

2.50 

50 

0.2 

0.0 

3.3 

15.7 

Ave. 

0.26 

i 

j 12 

2.4 

t 

45 

0.23 

0.1 

1 

1 4.7 

16.0 


* Dose: 125 mgm. caffeine as the sodium benzoate. Cat 13 received Go mgm. 


excitosecretoiy response. Lavage of the stomach witli caffeine in Pavlov and 
total pouch dogs does not provoke a stimulation of gastric secretion. 

Cal. Tlie data in table 2 show that the intravenous injection of caffeine in 
anesthetized cats provokes a marked stimulation of gastric secretion. The u.sual 
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sequence of events following tlie intravenous administration of caffeine include: 
marked mydriasis for 15 to 30 minutes, hj'-perpnea, and, after an average latent 
period of 12 minutes, the increased flow of acid gastric juice was manifest, lasting 
on the average for a period of 45 minutes. 


TABLE 3 

Average gastric secretory response to lavage with caffeine in cats 



TIME 

VOLUME 

FREE ACID 

TOTAL ACID 


minutes 

CC, 

ms>n. BCl 

mgm. BCl 

Control secretion 

30 

0.4 

0.0 

1.4 

Caffeine soln. applied 

30 


0.0 

6.0 

Caffeine soln. returned 



1.8 

7.3 

Post-application secretion 

30 


6.2 

7.6 

Post-application secretion 

30 

1.0 

2.7 ! 

3.6 

Post-application secretion 

30 

1 

0.7 i 

1 

1.1 i 

1 

1.9 


TABLE 4 

The gastric secretory response to oral administration of caffeine in human subjects 



control; 200 cc. WATER 

250 MOM. SODIOM BENZOATE 

EXPERIMENTAL TEST; 200 CC. WATER 250 MCM. 
CAFFEINE— ORAL 


SCTJECT 

Total juice secreted 

1 in 1 hour: 

i 

Latent 

! 

Duration 
of 1 

Total juice secreted 
in 1 hour: 

PER CENT 
OF STIMU- 
LATION 

(free aqd) 





period ; 





Volume 

Free : 
acid ! 

Total 

acid 

response 

1 

Volume 

Free 

acid 

Total 

acid 



CC. 

mgm. \ 
BCl 

mgm, 

BCl 

minutes 

minutes 

CC. 

mgm, 

BCl 

mgm, 

BCl 


J, R 

51 

15 

27 

15 

30 

73 

98 

113 

550 

J. R 

51 

7 

16 

15 

50 

55 

55 

63 

685 

E. P 

67 

99 

115 

15 

40 

95 

195 

218 

97 

J. I 

180 

228 

282 

15 

60-f 

■' 199 

363 

435 

59 

J. W 

42 

12 

23 

15 

50 

48 

36 

48 

200 

J. A 

139 

9 

33 

15 

50 

77 

28 

49 

211 

P. H 

46 

17 

29 

15 

60 

94 

181 

218 

964 

J. J ! 

58 

67 

81 

15 

60-f’ 

142 

337 

392 

i 403 

F. J ' 

81 

190 

212 

15 

60-f 

123 

393 

441 

107 

G. H { 

64 

60 

82 

25 

60 

93 

152 

’ 186 

153 

M. S 1 

52 

47 

64 

25 

60 

61 

107 

144 

128 






Ave ' 

75 i 

69 

88 

17 

53 

93 

177 

210 

324 










In 15 experiments on 9 cats, lavage of the stomach for 30 minutes with caffeine 
resulted in a stimulation of gastric secretion as measured by the volume, free acid 
and total acid response (table 3). The same volume of water (20 cc.) has been 
shoivn to have no effect in a series of control experiments. 

Man . In table 4 are presented the indhidual variations in the gastric secretorj' 
response to the administration of caffeine ^da the stomach tube in human subjects. 
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In general thi-ee types of secretoiy curves are obtained by the fractional gastric 
analysis vith a caffeine test meal. Approximately 85 per cent of human subjects 
give an abrupt cuxa'c which returns to its basal level within 50 to 70 minutes; 10 
per cent describe a low fiat curve (subjects J. W. and J. A.) which subsides "within 
60 to 90 minutes; and about 5 per cent show a prolonged secretor 3 ’’ response at a 
high plateau level (subjects J. I,, J. J. and F. J.). In a comparison between the 
response to the control (200 cc. water with 250 mgm. sodium benzoate) and to the 
caffeine test'meals (table 4) it appears that the average volume of secretion is not 
much gi’eater after caffeine (93 cc. compared to 75 cc.). However, in using a 
“block” technique it must be remembered that onty a sample is xvithdraum at the 
first two intervals and then the stomach is emptied complete^ of its contents at 
the third intenml . This results in the recoveiy of a relatively large volume at this 
interval in both test meals, although the acid value is but slightty elevated above 
the basal level in the control studies. The data on the caffeine test meal showthat 
the stimulation of parietal cell secretion is manifest after a latent period of 15 to 25 
minutes; i.e., the free acid concentration began to rise during the period between 
the 10 and 20 minute interval aspirations. Tlie average free acid response is over 
tAvo and one-half times greater for the caffeine test meal than that for the control 
in the same period of time; actualty the total output is even greater because the 
response from caffeine is much more prolonged in all individuals than the response 
to the control tests. 

In figure 1 the gi'aph represents the composite gastric secretoiy response to a 
caffeine test meal in comparison with the effect of a control test meal in 10 human 
.subjects. In analyzing the cuives for acidity, the initial drop after the control 
test solution and to a less extent after the caffeine test meal is attributed to dilu- 
tion b}’’ the test solutions inasmuch as only a sample of gastric contents is aspir- 
ated at these inten'als. The abrapt rise then represents the recoveiy of gastric 
contents accumulating over the 30 minute period in which the mucosa is exposed 
to the stimulating agent. In this composite response the actual peak of secretion 
resulting from the caffeine stimulation occurs 40 to 50 minutes after the test 
solution was introduced. In the block form of gi-aphic representation can be seen 
the average maximum secretoiy response in volume, free acid and total acid per 
10 minutes in comparison with the aA'erage pre-caffeine control levels for a 10 
minute period. 

The I’esults of the gastric secretoiy response to caffeine given intramuscular^ 
in human subjects are summarized in table 5. This route of administration was 
used in man to demonstrate that caffeine stimulation is not solely dependent on 
the local effect of the ding on the mucosa. The tabulated data show the indi- 
A'idual variations in latent period, duration of stimulation and the total output of 
gastric juice for a period of 90 minutes after the injection of caffeine. The same 
subjects who gave a prolonged response to the caffeine test meal via the stomach 
tube gave a similar response to the intramuscular caffeine but at a somewhat 
lower plateau level. 

In figure 2 the composite secretory’' response to the intramuscular administra- 
tion of caffeine in 14 human subjects is presented in the form of a graph. The 
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composite curves are misleading in so far as the latent period is concerned. The 
majority of subjects do not show evidence of stimulation for 50 to 60 minutes 
after the injection, but a few do after 20 to 30 minutes. Hence the early rise in 
the composite curves. The block graph shows the average maxunum secretory 
response per 10 minutes after intramuscular caffeine in comparison with the aver- 
age basal levels for the 10 minute interval preceding injection. 

Discussion. The dog has been the most frequent choice of experimental 
animal for studies on the mechanisms of gastric secretion, on the production of 



Fig. 1 Fig. 2 

Fig. 1 . Composite curves showing the average total gastric secretory response of 10 Imman 
subjects to a control test meal (200 cc. water with 250 mgm. sodium benzoate) and a caffeine 
test meal (200 cc. water with 250 mgm. caffeine as a soluble sodium benzoate). Both free 
and total acid are expressed as milligrams of HCl. The block graph shows a comparison 
between the average pre-caffeine levels of volume, free acid and total acid per 10 minutes 
and the average maximum secretory response for 10 minutes. 

Fig. 2 Composite curves showing the average total gastric secretory response of 10 hiunan 
subjects to the intramuscular administration of 250 mgm. caffeine as the sodium benzoate. 
The block graph shows a comparison between the average pre-caffeine levels of volume, free 
acid and total acid per 10 minutes and the average maximum secretory response for 10 min- 
utes. 

gastroduodenal ulcers, and on the effectiveness of various therapeutic procedures 
on experimentally induced peptic ulcers. Therefore, the observation that 
caffeine does not stimulate gasti-ic secretion in the dog but does in man and the 
cat is very significant and has far-reaching implications. That such a species 
difference does exist must constantly be bonie in mind in applying observations 
made on the dog to various physiological phenomena in man. Do man and the 
cat possess a mechanism of gastric secretion absent in the dog? Or, is there an 
effective mechanism antagonistic to the caffeine excitosecretory effect in the dog, 
and absent in man and the cat? 
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That earlier investigators failed to show conclusivelj’' that caffeine has a definite 
excitosecretor}’' effect upon the stomach of man can in part be attributed to faulty 
technique, such as insufficient exposure of the gastric mucosa to caffeine (oral) or 
failure to wait long enough for intramuscular caffeine to produce its effect. We 
have obseiwed the peak of gastric secretion to occur 40 to 50 minutes after the 
ingestion of caffeine and 70 minutes after intramuscular administration. To 
further clarifj’- the confusion in the literature regarding the effect of caffeine and 
caffeine-containing beverages upon gastric secretion, the following may be said: 
Stimulation of gastric secretion b}-^ caffeine and coffee (or de-caffeinated prepara- 


TABLE 5 

The gastric secretory response to the intramuscular administration of caffeine in human 

subjects 


SUBJECT 


J, R 

J. R 

M. G 

J. R 

J. I 

E. P 

J. R 

.1. W 

F. J 

J. A 

.1. J 

G. H.. . 

.1. N 

R. N.*. . 


Ave. 


CONTROL period: BASAL SECRETION 

KXPEP.IXtENTAL TEST: 250 XlCil, CAFrEDiE 
INTRAMUSCULAR 

— . 


Secretion for 1 lir. 



Maxi- 



Secretion for 

Basal 



Pre- 

infection 

conc.f 


mum 

Duration 

of 

response 

Total 



volume 

Free acid 

Total 

acid 

period 

post- 

injection 

conc.f 

volume 

Free 

acid 

Total 

acid 

cc. 

mm- 

na 

rngm, 

na 

ngm./cc. 

min. 

mgm./cc. 

min. 

CC. 

mgm. 

na 

mm- 

na 

10 

2 

6 

0.16 

60 

2.15 

so 

83 

105 

137 

18 

G 

13 

0.29 

50 

1.57 

80 

83 

77 

121 

21 

22 

30 

0.94 

40 

3.72 

70-f 

170 

438 

525 

25 

11 

21 

0.00 

30 

1.88 

70 

136 

171 

224 

50 

99 

123 

1.73 

60 

2.86 

60-f 

194 

438 

525 

23 

GG 

7G 

2.17 

60 

4.07 

50 

76 

253 

296 

24 

2 

10 

0.33 

60 

1.30 

50 

104 

62 

101 

29 

7 

24 

0.20 

50 

1.28 

40 

104 

80 

135 

14 

45 

50 

3.03 

50 

3.33 

70+ 

115 

334 

383 

37 

2 

19 

0.00 

50 

0.80 

40 

77 

20 

51 

12 

25 

30 

1.30 

40 

2.19 

70+ 

181 

307 

390 

49 

4 

22 

0.14 

30 

1.73 

70 

181 

132 

211 

30 

20 

35 

0.32 

30 

2.85 

30 


147 

199 

14 

0 

15 

0.00 

20 

1.34 

40 


173 

216 

"1 

25 

22 

34 

0.77 

45 

2.22 

63 

125 

196 

251 


* Secretion aspirated for only 70 minutes in this case. 

t Concentration of free acid as milligram HCl per cubic centimeter per 10 minute period. 


tions) are not one and the same. Tlius, although a .so-called de-caffeinated coffee 
preparation was found to provoke a flow of acid gastric juice only slightly differ- 
ent from that obtained from crude or roasted coffee (13), this is not evidence that 
caffeine does not stimulate gasti-ic secretion in man. ISTor can one conclude that 
the roa.«ting process does not produce a gastric secretagogue from the crude green 
coffee bean. Coffee made fi'om roa.sted beans maj' stimulate gastric secretion 
due to the effect of one or all of the following: i, its caffeine content; 2, a natural 
secretagogue present in the gi een coffee bean; 3, a product of the roasting pi’ocass, 
or 4, irritant volatile oils. 
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Inasmuch as caffeine, administered parenteral!}’’ or by dhect lavage of the 
stomach, does stimulate gastric secretion in the cat, the constant elaboration of a 
highly acid 'gastric juice might be one of the factors involved in the experimental 
development of caffeine ulcers in cats. Preliminaiy experiments on human sub- 
jects have also shoAvn that caffeine stimulates the output of pepsin as well as 
hydrochloric acid. Thus, the excessive use of caffeine-containing beverages may 
contribute to the pathogenesis of human peptic ulcer in the susceptible individual, 
or perpetuate an ulcer already existing. This is particularly suggested by the 
prolonged secretory response to caffeine obtained in a certain group of subjects 
who fall in the descriptive category of: “conscientious, hard-worldng individuals 
who in time of stress are outwardly composed but inwardly tense.” 

CONCLUSIONS 

1. We have confirmed the observation of the earlier investigators that caffeine 
does not stimulate gastric secretion in the dog. 

2. Caffeine, administered by the intravenous route or by lavage of the stom- 
ach, provokes a copious flow of acid gastric juice in the cat. The significance of 
this species difference is pointed out. - 

3. Caffeine, administered intramuscularly or by the oral route, stimulates 
gastric secretion in man. 


REFERENCES 

(1) Judd, E. S. Bull. Am. Col. of Surg. 28: 46, 1943. 

(2) Roth, J. A. and A. C. Ivy. Gastroenterology, in press. 

(3) PiNcussonN, L. Ztschr. f. physik. u. diat. Thcrap. 11: 261, 1907. Munch. Med. 

Wchnschr. 63: 1248, 1906. 

(4) Bickel, A. Intemat. Bictr. 1: 365, 1910. 

(5) Kestner, 0. AND B. Warburg. Klin. Wchnschr. 2: 1791, 1923. 

(6) Goldbloom, A. Arch. f. Verdgslvrkh. 42: 13, 1928. 

(7) Petrowa, M. K. and S. Ryss. Arch. f. Verdgskrkh. 47: 328, 1930. 

(8) WicHELS, P., J. Brink and H, Lauber. Ztschr. IClin. Med. 123: 325, 1933. 

(9) Hanke, H. Arch. f. Klin. Chir. 178: 607, 1934. Klin. Wchnschrift. 13: 978, 1934. 

(10) Molteni, M. Arch. Ital. di Chir. 63: 135, 1938. 

(11) M11.LER, R. J., O. Bergeisi, M. E. Rehfuss and P. B. Hawk. This Journal 62: 

28, 1920. 

(12) Ehrmann, R. and L. Dinkin, Neue Dtsch. Klin. 6: 574, 1930. 

(13) OiiNELL, H. AND H. Berg. Acta. Med. Scandinav. 76: 491, 1931. 

(14) Eichler, 0. Arch. f. Exper. Path. u. Pharmakol. 190: 123, 1938. 

(15) IVATSCii, G. AND H. IVALK. Klin. Wchnschr. 4: 2190, 1935. 

(16) Holler, G. and J. Bloch. .tH-ch. f. Verdgskrkh. 38: 351, 1926. 

(17 ) Cade, A. AND M. AIilh.yud. J. de Med. do Lyon 10: 523, 1929. 

(18) WicHELS, P. Ztschr. f. Klin. Med. 123: 336, 1933. 

(19) Lim, R. K. S. Quart. J. Exper. Phj'siol. 13: 71, 1923. 

(20) Bloo.mfield, a. L. and C. S. Keefer. J. .A. M. A. 88: 707, 1927. 



THE INFLUENCE OF AGENTS AFFECTING THE AUTONOMIC 
NERVOUS SYSTEM ON THE MOTILITY. 

OF THE SMALL INTESTINE ^ 

EDWARD J. VAN LIERE, DAVID W. NORTHUP and J. CLIFFORD STICKNEY 
From the Department of Physiology, School of Medicine, West Virginia University, Morgantovm 

Received for publication March 9, 1944 

Considerably more work has been reported on the influence of the autonomic 
nervous S 3 ’'stem on the intact stomach than on the intact small intestine. It is 
well known that the motility of the stomach is appreciably affected bj'- the sjun- 
pathetic and paras 5 Tnpathetic divisions of the autonomic nenmus system. It 
is thought also that these same nerves markedly influence the motility of the 
small intestine. But little quantitative data as far as the authors are aware 
have been published on the effect of the autonomic nervous system on the 
propulsive motilitj’- of the intact small intestine in large mammals, such as the 
dog. 

Our interest became aroused in this problem, because we reported recentlj’’ 
that in the dog anoxic anoxia had no effect on the motility of the small intestine 
(1). This t 3 ’-pe of anoxia, however, does decrease gastric motility. Since anoxic 
ano.xia presumably exerts its principal action by stimulation of the sympathetic 
division of the autonomic nei^mus sj^stem, it was thought worthwhile to study 
the action of certain agents, which are known to affect the autonomic nervous 
system, on the motility of the small intestine. The experiments were not de- 
signed to study the mode of action of anoxia by drugs, but rather to study quan- 
titativel}’’ the effect of certain autonomic agents on the motility of the small 
intestine in the dog. 

Methods. The animals chosen for this studj' were unanesthetized dogs. 
Macht’s technique essentialty was emploj’'ed. Matched pairs of animals were 
used; one to senn as a control and the other as an experimental animal. The 
animals had eaten no food 24 hours previous to the e.xperiment. Approximately 
50 cc. of a mixture of 10 per cent powdered charcoal suspension in 10 per cent 
gum acacia in water was given bj'' stomach tube. 

The effect of the following agents, all of which are known to influence the auto- 
nomic nervous sj'-stem, was studied on intestinal motility: ergotamine, prostig- 
mine, atropine, ephedrine and cocaine — in doses respectivety of : ^ mgm., | mgm. 
1 mgm., 25 mgm. and 10 mgm., per kilo bodj’' Aveight. These drugs were given 
intramuscular^ three minutes after intubation and, of course, only one was 
administered to an animal. In lieu of drugs the control animals were given 
an intramuscular injection of normal saline solution. 

Fifteen minutes after intubation, Avhen ergotamine and prostigmine Avere the 
agents studied, the animal AA'as sacrificed by" allowing it to breathe a fatal con- 
centration of ether. VTien the other three agents were studied, namely, atro- 

^Aided by a grant of the Elk Sachs Plotz Foundation. 
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pine, ephedrine and cocaine, the animals were sacrificed at the end of 30 minutes. 
It is loioAvn, of course, that ether abolishes intestinal motilit 3 '’ as soon as it is 
administered. The small intestine was removed, slit open and the distance the 
charcoal mixture had traversed the intestine was measured. 

Results. The accompanj^ing table shows the results obtained. It clearly 
may be seen that ergotamine, prostigmine, atropioe and ephedrine all have a 
pronounced effect on the motility of the small intestine. Cocaine had no 
inhibitory effect on intestinal motility. 

Due to variations in the total length of the gut, even though matched pairs of 
dogs were used, it was necessary to use percentage figures, which have an ellipti- 
cal distribution. This type of data does not lend itself accurately to statistical 
treatment unless all the values fall above 10 and below 90 per cent. The data 
which we used fell within these limits. 

TABLE 1 


Effect of autonomic agents on motility of small intestine in dogs 


AGEKT AND DOSAGE | 

1 

TIME 

AFTER 

INTUBA- 

TION 

I EXTERIMENTAL | 

1 . i 

CONTROL 

DIFFER- 
ENCE IN 
LENGTH 
TRAVERSED 

tisher’s 

Mp” 

No. of 
animals 

Av. 
length 
of gut 

1 

Length : 
of gut ' 
traversed 

No. of 
animals 

Av. 
length 
of gut 

Length 
of gut 
traversed 


miu. 


cm. 

% 


cm. 

% 



Ergotamine, 0.1 










mgm./kgm 

15 

12 

205 ! 

74 

12 

1 

224 

52 

+22 

0.017 

Progstigmine, 0.5 ! 










mgm./kgm ' 

15 

7 

294 

81 


281 

43 

+38 

0.021 

Atropine 1 mgm./ 





IH 





kgm 

30 

10 

280 

29 

■1 

261 

65 

-36 

<0.001 

Ephredrine, 25 





1 





mgm./kgm 

30 

9 

269 

40 

9 

219 

75 

-35 

<0.001 

Cocaine, 10 mgm./ 










kgm 

30 

7 

237 

63 

5 

211 

70 

- 7 

>0.20 


Discussion. The results clearly show that the motility of the small intestine 
is appreciablj’’ affected by certain agents which influence the autonomic nervous 
S3^stem. 

Ergotamine caused an increase in intestinal motility presumabty by paral 3 ’zing 
the sympathetic nerves, which cany predominantly inhibitory fibers. Prostig- 
mine, which also caused an increase in intestinal motility, inhibits the action of 
choline esterase and so promotes the accumulation of acetyl choline in the 
tissues. 

Atropine and ephedrine both caused a decrease hi intestinal peristalsis. The 
former agent acts b3' parah'zing the para.S3mipathetic nerves which carr3’ the 
visceromotor fibers, while ephedrine exerts its action b 3 ' stimulating the receptor 
mechanism upon whicli ephedrine noi’malb’' acts. 

It is knoMTi clinicalb' that following the administration of a spinal anesthetic 
agent, the small intestine is often more contracted than when inhalation anes- 
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thetics are given. The explanation i,s that the spinal anesthetic agent blocks 
the splanchnic nerves, so that the action of the parasympathetic nerves is left 
unopposed. In the laboratoiy, too, it may be demonstrated that if the splanch- 
nic nerves are destroyed, the small intestine shows more Adgorous peristalsis. 

Cocaine had no appreciable effect on the motility of the small intestine. This 
agent acts bj’’ sensitizing the s 3 Tnpathetic nerve endings. It is noteworth}" that 
cocaine show'ed no inhibitor}'- effect on intestinal peristalsis, because it suggests 
that the conditions of the experiment produced no undue sjunpathetic stimula- 
tion. 

It is of interest that ergotamine caused an increase of intestinal motilitj’- of 27 
per cent and prostigmine 38 per cent, while on the other hand, atropine caused 
a decrease of 36 per cent and ephedrine 35 per cent. From these data the 
interpretation might be made that the inhibitoiy and motor netA’-es are rather 
evcnl}'- balanced, as far as their effect on the motilit}’- of the small intestine is 
concerned. It is recognized, however, that certain objections can be raised 
against the use of drugs in studj^ing ply.siologic phenomena and it is question- 
able whether such an interpretation is justifiable. In stud.ying the action of 
these various agents ciuantitativel}’- on the motilit}' of the small intestine the 
matter of dosage is, of course, an important item. The do.ses used, in our 
opinion, produced equivalent effects in either direction. 

Since the agents which we used are knoAm to affect the motility of the stomach 
as well as the small intestine, the question might be raised whj'- the charcoal 
mixture was not placed directlj^ into the duodenum. The material was put into 
the stomach because it was our desire to disturb the animal as little as possible. 
As previously mentioned the fact that cocaine produced no inhibitoiy effect 
on intestinal motilitj'- indicated that the experimental procedures did not excite 
the animals. 

Three minutes after the charcoal mixture had been placed into the stomach 
the autonomic agent was administered; it took, of course, a little time for it to 
act; some of the charcoal mixture, therefore, had an opportunity to pass hito the 
duodenum before the drug produced anj’- appreciable effect on the stomach. 
It was the rate of progress of this portion of the mixture, which had entered the 
intestine, that interested us. We feel that we were not measuring the transport 
of the material through the stomach, but rather through the small intestine. 

It has been .shown in our laboratoiy that hunger contractions (2) and digestive 
peristalsis (3) are decreased bj' effective degrees of anoxia. It, too, has been 
shouTi that gastric eraptj'ing is delaj'ed ly anoxia (4). One logical explanation 
for these findings is that anoxic anoxia produces a stimulation of the .sj'-mpathctic 
nerve.s. 

It would be expected that the motilitj’- of the small intestine, which is known 
to have a similar innervation as that of the stomach, would likewise be affected 
ly anoxic anoxia. In the dog it was observed that even a severe degree of anoxia 
(liarometric pressure of 205.8 mm. Hg) produced no change in the motility of the 
small intc-stine. It will be seen in the uccompanj'ing table, however, that 
ephedrine produced a .statisticallj' significant decrease in motilitj'. In view of 
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this latter finding it is difficult to understand why anoxic anoxia did not likewise 
decrease motility. 

At the present time we can offer no explanation for this phenomenon. It 
might indicate that the stomach of the dog is more sensitive to anoxia than the 
small intestine, or on the other hand the inhibitory mechanism of the stomach 
may be more sensitive to anoxia and the excitatory mechanism of the intestine 
maj’- be more sensitive to anoxia. Ephedrine, however, is loiown to have a 
marked inhibitoiy effect on the stomach (5) as well as the intestine. 

SUMMARY 

Matched pairs of unanesthetized dogs were given a powdered charcoal mixture 
by stomach tube. One animal served as a control and the other was given an 
agent which affected the autonomic nervous system. The following prepara- 
tions were studied: ergotamine, prostigmine, atropine, ephedi’ine and cocaine. 
Appropriate doses of these drugs were administered intramuscularly and at the 
end of a specified time, the animal was sacrificed and the distance the charcoal 
mixture had traversed the small mtestine was measured. 

Ergotamine increased the motility of the small intestine 27 per cent and 
prostigmine 38 per cent; atropine decreased the motility 36 per cent and ephed- 
rine 35 per cent. These figures were all statistically significant. Cocaine had 
no appreciable effect on the motility of the small intestine. 
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Previous studies (1, 2) have shovn that there exists in the Yale strain of rats 
an hereditary (3) type of “diabetes”, manifested by a low tolerance to orally or 
intraperitoneally administered glucose. The etiology of this condition is not 
IcnovTi, although some dysfunction of the anterior pituitary has been suggested 
as a causative factor (4). Experiments in this laboratory (5) have demonstrated 
that there is an impairment in the mechanism for either the depositing or the 
retaining of glimogen in the liver and tissues of the rats of the diabetic strain. 
Such a condition maj’- conceivably- result either from a failure of glycogenesis or 
from an increase in glycogenoly-sis. As is well-known, glycogenotysis is increased 
by- epinephrine immediately after its injection. For this reason, together vith 
the fact that rats of the Yale strain are hypersensitive to epinephrine (4), it ap- 
peared possible that an increased secretion of this substance might be involved 
in producing the low tissue glycogen values and the prolonged hyperglycemia 
observed in the glucose-injected diabetic animals (5). Possible support for such 
a view is the fact that the adrenal glands of male Yale rats are significantly 
heavier than those of male Wistar rats (G). 

The present investigation was designed to determine the effect of demedulla- 
tion of the adrenal glands on the glucose tolerance of diabetic Yale rats. 

Experimental. Adult rats of the Connecticut Agiicultural Experiment 
Station (Yale) strain weighing 250 to 400 gi’ams were used. They were fed the 
stock colony ration (5). After a 16- to 18-hour fast, the animals were injected 
intraperitoneally with 350 mgm. anhydrous glucose (Pfanstiehl) per 100 grams 
body ^\•eight, using an 8.75 per cent solution measured from a graduated pipette. 
Blood sugar determinations were made by the Hagedorn and Jensen (7) method 
on blood obtained from a tail vein at regular inteiw'als (see table 1) during a 
5-hour period of observation. Glucose tolerance tests were carried out by'^ this 
procedure on Wistar rats, on intact diabetic Yale rats, and on diabetic rats from 
wliich the medullas of the adrenal glands had been removed by'’ the technique of 
Evans (8). The tolerance to glucose was determined in the latter group 18 to 24 
day-s after demedullation, a time interval which should have permitted a regen- 
eration of any traumatized cortical tis.sue (8). The tolerance to glucose was 
again determined in 12 of these animals 10 to 12 weeks later. The response to 
injected glucose was also determined in 6 of the demedullated rats following 
the administration of epinephrine which was injected subcutaneously in a dose 

‘Aided by a grant from the Graduate Council, Wayne University. A preliminary report 
v/as made before the American Society of Biological Chemists in Boston, April, 1942, 
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of 0.01 mgm. per 100 grains body weight immediately after the glucose was 
given and again 2| hours later. 

Results. As is eiddent from the data given in table 1, the Wistar strain of 
rats showed a normal tolerance to the injected glucose, whereas the intact di- 
abetic Yale rats exhibited the low tolerance previously demonstrated (1, 2). 
The demedullated diabetic rats, on the other hand, showed normal tolerance 
curves. This was found to be tme in each of the 20 animals studied. The shift 
to a normal tolerance to injected glucose was particular^ striking in 7 of the 
demedullated rats which, prior to medullectomy, had shovm extremety high 
blood sugar values after glucose administration, the values exceeding 300 mgm. 
per cent 5 hours after the injection. The results, not included in the table, 
obtained in the tolerance tests made on the demedullated rats 10 to 12 weeks 
after operation were similar to those just described in all but 3 of the 12 animals. 
The blood sugar values on these 3 rats were slightly above normal at the end of 

TABLE 1 


Blood sugar values of control rats and of demedullated rats following the administration of 

glucose* 


GROTJP 

, NO. 
OF 



BLOOD SUGASt (MGM. PER CENT) 


RATS 


Initial 

i hr. 

1 hr. 

3 hr. 

5 hr. 

Intact Wistar 








rats 

12 

82 

(78- 92) 

238 (228-256) 

192 (177-237) 

141 (117-163) 

115 (85 -134) 

Intact Yale rats 

1 25 

98 (74-143) 

240 (162-385) 

212 (197-385) 

193 (133-385) 

219 (158-385) 

Demedullated 

1 







Yale rats 

Demed. Yale 

20 

92 

(81-105) 

199 (145-247) 

175 (130-235) 

113 ( 56-145) 

113 ( 52-145) 

-b epinephrine . 

6 

1 

89 

(83-96 ) 

241 (231-274) 



293 (215-385) 


* 350 mgm. anhydrous glucose per 100 grams body weight, given intraperitoneallj\ 
t The blood sugar values given are group averages with minimum and maximum in- 
dividual values indicated in parentheses. 


the 5-hour period, but still were not as high as had been found before medullec- 
tomj’- was performed. 

The blood sugar levels of the demedullated rats given epinephrine after the 
glucose injection were extremely high, exceeding even those of the intact dia- 
betic animals. 

Discussion. It would not be difficult to conclude from the foregoing data 
that a hyperactmty of the adrenal medulla maj' plaj" a r61e in the diabetes of 
the Yale strain of rats. Certainlj' the removal of the medulla was followed by 
a normal tolerance to injected glucose and the administration of epinephrine 
reestablished a diabetic type of response. Also a hypersecretion of epinephrine 
might well produce the low liver and tissue glycogen values, the prolonged hyper- 
glycemia, and perhaps other abnonnalities seen in the Yale strain of rats (5). 
This explanation, likewise, would not be at variance with the observation (1, 5) 
that a low tolerance to glucose is not consistently found in all of the diabetic rats. 
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but that frequent alternations between normal and diabetic t5q:)es of glucose 
tolerance curves occur in some animals. The foregoing observations ma}' also 
be interpreted as indicating that there is not a serious impah-ment of the more 
fundamental mechanisms for regulating carboh^^drate metabolism, as for exam- 
ple in the amount of insulin secreted. However, such a simple explanation may 
be unwarranted in view of the manifold factors affecting the metabolism of' 
glucose in the animal organism. As is well-kno^^m, an adrenal cortical hormone 
exerts a profound effect on carbohj^drate metabolism and it is possible that 
traumatization of cortical tissue maj^ have affected the obser^md response, even 
though a presumablj!^ sufficient period for the regeneration of this tissue was 
allowed. This question merits further investigation. 


SUinURY 

The removal of the adrenal medullas from rats showing a hereditarj' ^'dia- 
betes” results in a normal tolerance to injected glucose. 

The administration of epinephrine with glucose produces a diabetic type of 
tolerance cuiwe in the demedullated animals. 

These results indicate that there maj* be a relationship between the adrenal 
medulla and the diabetic tendency observed in the Yale strain of rats. 
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In two papers published in 1934 (1,2) Bucher and his fellow-workers discussed 
the variation of various blood and uiine constituents under basal conditions. 
Upon two of the subjects studied at that time data were available for a statistical 
stud}^ of urea and water excretion. The present paper contains a report of such 
a study. 

The two subjects were j^oung male adults, identified respectively as “AB” 
and “CD” in a pre\dous publication (3). “AB” was 35 years old, 161 cm. tall, 
and weighed 51-55 kilos. His bodj’’ surface, as calculated by the formula of 
DuBois (4) was 1.54 sq. m. and his basal metabolic rate, as an average of 260 
determinations, was 32.86 ± 0.05 calories per m* per hour. “CD” was 28 years 
old, 170 cm. tall, and weighed 57-63 kilos. His bod}’" surface was 1.68 sq. m’. and 
liis basal metabolic rate as an a-\'erage of 246 determinations was 33.65 db 0.05 
calories per m* per hour. Both men were in good health at the time when the 
studies were made and have continued to be so until the present time. Both 
were thoroughly trained in metabolism teclmique before the studj-- was begun. 
There is every reason to believe that there was no cause for urinary retention by 
either subject. 

The strict basal conditions under which these experiments were carried out 
have been described pI■eviousl 3 ^ The number of tests performed upon “AB” 
and “CD” were 40 and 43 respectivelj', or approximate!}' one per week through- 
out the year from Februarj' 1926 to February 1927. The length of the different 
test periods varied somewhat; as sho\m in table 1 the average was somewhat 
over 2 hours. The blood for analysis was collected from an arm vein without 
stasis at the end of the metabolic period. This was done to avoid interference 
with the basal metabolism determination which formed a part of each stud}' (3). 
The iDladder was emptied voluntarily as completely as possible just before and at 
the end of the approximately 2-hour peiiod. Because each subject was studied 
under strictly controlled basal conditions, and had not eaten or dnmk for the 
preceding 12 to 14 hours, it does not seem probable that the concentration of 
urea in the blood could have varied significantly during the period of the collec- 
tion of the urine samples. 

The usual statistical constants derived from the different findings upon the 
two subjects are given in table 1. These include the concentration of urea in 
the blood and urine, the rate of urea excretion, and the -s-olurae of urine formed 
per minute. Various ratios between the blood and urine urea are also gi\'en. 
These are : concentration of urea in urine /concentration in blood; rate of exci'etion 

4G9 
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of urea/blood urea concentration ("maximum clearance”) (5); the ratio 
Vurine volume X concentration of urea in uiine/blood urea (“Standard Clear- 
ance”) (5) and, for subject “AB” a “combined clearance” in which the standard 
clearance Avas calculated for periods when the urine volume was under 2 cc. per 
minute and the maximum clearance for periods uith a greater urine volume, and 
the 40 values so obtained combined (6). 

'It is evident from the table that the onl}’’ conspicuous difference lietween these 
subjects was that “AB” excreted a volume of urine more than 2.5 times as great 


TABLE 1 
Statistical constants 






1 




COZTTU 

SUB- 

jrcT 

KUU- 

DER 

DETERMIKED 

RANGE 

MEDIAN 

MEAN 

STANDARD 

DEVIATION 

ciENT or 
VARIATION 









per cent 

-A.B. 

40 

Duration (min.) 

so -i 

ISC 

136 i3 

137 ±2 

IS ±1 

14 ±1 



Blood urea concentration 

8.7- 

14.3 

11. Oil. 6 

11.8 ±1.3 

1.40 ±0.11 

11.9 ±0.9 


[ 

(tngin./lOO CO.) 

Urine \-olumc (cc./min.) 

0.89- 

3.07 

1 

I.84zi:0.2S 

1.80 ±0.20 

0.493 ±0.037 

26.3 ±2.0 



Urine urea excretion (mgtn./ 

3.96- 

7.43 

5.75 =b0.75 

5.58 ±0.60 

0.814 ±0.00! 

14.5 ±1.2 



tnin.) 

Urine urea concentration 

1,9 - 

6.3 

2.8 iO.4 

3.24 ±0.33 

1.09 ±0.08 

34.3 ±2.0 



(mgra./cc.) 

Maximum clearance (cc./ 

30 - 

56 

48 ±6 

47.4 ±5.1 

4.60 ±0.35 

9.S±0.8 



min.) 

Standard clearance (cc./ i 

25 - 

53 

34 :i:5 

35.7 ±3.8 

5,44 ±0.41 

15.0 ±1.2 



min.) i 

Combined clearance (cc./ j 

30 - 

50 

40 ±5 1 

42.0 ±4.5 

7.36 ±0.56 

17.0 ±1.4 



min.) 

Ratio — urine urea; blood j 

17 - 

50 

26 ±4 

27.1 ±2.9 

8.19 ±0.62 

30.4 ±2.3 



urea 1 






1 

C. D, 

43 

Duration (min.) 

91 

1 

23S 

104 ±3 

107 ±2 

22 ±2 

13 ±I 



Blood urea concentration 1 

7.8- 

13.1 

10.6 d:1.4 

10.6 ±1.1 

1.21 ±0.09 

11.3 ±0.8 



(mgm./lOO cc.) 

Urine volume (co./min.) 

0.32- 

1.22 

0.07 ±0.12 

0.72 ±0.08 j 

0.233 ±0.017 

32.0 ±2.3 



Urine urea excretion (mgm./ 

3,91- 

8.57 

5. 46 :i:0.70 

5.45 ±0.56 

0.90S ±0.006 

IS.4±1.3 



min.) 

Urine urea concentration 

4.1 - 

i 

15.0 i 

8.3 ±1.9 

8.20 ±1.53 

2.40 ±0.18 

29.3 ±2,1 



(mgm./cc.) 

Maximum clearance (cc,/ 

35 - 


52 ±0 

51.0 ±5.3 

S.77 ji;0.64 

16.9 ±1.2 



min.) 

Standard clearance (cc./ 

45 - 

! 

SI 1 

00 ±8 

02.0 ±5.8 

9»73 :i:0.71 

15.6 ±1.2 



min.) 

Ratio — urine urea: blood 

48 - 

142 

73 ±9 

76,3 ±0.8 

^21,1 ±0.9 

27.6 ±2.0 



urea 





i 



as did “CD.” Tlie rates of e.xcretion of urea Avere almost identical, and the 
aA'erage blood urea concentrations differed from each other bj'’ only 11 per cent. 
It is eAudent also that the degree of constancy of the blood urea and of the excre- 
tion of urea in the urine was A’^ery high in each instance, but that the rate of 
excretion of fluid, and consequently of the concentration of urea in the urine 
.shoAved a much greater degi’ee of A’'ariability. A further discussion of the figures 
Avill be giAren later. 

In table 2 the correlation coefficients betAveen the different factors are giA'en. 
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These coefficients 'were qualitatively alike (possessed the same sign) for both 
subjects in all instances, but in several of the comparisons ■where the correlation 
found upon one subject was rather small, but statisticalh’- significant, the sig- 
nificance of that upon the^ other man was questionable. 

Some of the relationships shown in the table seem to the authors to deserve 
comment. ■ The blood concentration showed significant positive correlations vdth 
both the excretion rate and the concentration of urea in the urine. In both 
subjects the latter correlation was the closer one, but in neither was the differ- 
ence between the coefficients significant. 

In table 3 there is given further data bearing upon the relationship between 
blood and urine urea. In this table partial correlation coefficients of the first 


TABLE 2 

Correlation coefficients 


SUBJECT 

SECONDARY VARIABLES 


PRIilARY VARUBLES 


Urine volume 

Rate of urea 
e.xcretion 

Blood urea 
concentration 

Urine urea 
concentration 

-A. B. 

Urine volume 


+0.103 ±0.106 

-O.lCl ±0.103 

-0.823 ±0.034 

40 tests 

Rato of urea excretion 

Blood urea concentration 
Urine urea concentration 

-fO.103 iO.lOC 
-0.161 ±0.103 
-0.823 ±0.034 

+0.370 ±0.092 
+0.393 ±0.090 

+0.370 ±0.092 

+0.473 ±0.083 

+0.393 ±0.090 
+0.473 ±0.083 


Alaximum clearance 

-f 0.424 ±0.088 

+0.490 ±0.081 

-0.202 ±0.102 

-0.089 ±0.106 


Standard clearance 

-0. 086 ±0.057 

+0.356 ±0.093 ! 

+0.090 ±0.106 

+0.918 ±0.017 


Combined clearance 

-1-0.438 ±0.086 

+0.3SS ±0.090 

-0.070 ±0.106 

-0.029 ±0.107 


Ratio — urine urea concen- 
tration; blood urea con- 
centration 

-0.852 ±0.028 

+0.142 ±0.103 

+0.144 ±0.103 

+0.918 ±0.017 

C. D. 

Urine volume 


+0.322 ±0.092 

-0.394 ±0.087 

-0.852 ±0.029 

43 tests 

Rate of urea excretion 

Blood urea concentration 
Urine urea concentration 

-bO.322 ±0.092 
-0.394 ±0.087 
-0.852 ±0.029 

+0.319 ±0.092 
+0.094 ±0.102 

+0.319 ±0.092 

+0.417 ±0.085 

+0.094 ±0.102 
+0.417 ±0.085 


Maximum clearance 

+0.615 ±0.064 

-|"0.705 i0,053 

-0.425 ±0.084 

-0.243 ±0.097 


Standard clearance' 

-0.449 ±0.082 

+0.324 ±0.092 

-0.105 ±0.102 

+0.689 ±0.054 

1 

Ratio — urine urea concen- 
tration:blood urea con- 
centration 

-0.772 ±0.042 

-H).011 ±0.103 

+0.060 ±0.103 

+0.917 ±0.016 


order are given. These Avere calculated bA’- the method described bj' Pearl (7). 
They include certain relationships A\dien the blood urea and urine A'olume AA'ere 
mathematically rendered constant. The table appears to shoAv that under the 
basal conditions maintained during these experiments there Avas someAA'hat 
closer agreement betAA’een the concentration of ui-ea in the blood and in the 
urine than betAA’een the blood urea and the rate of urea excretion, but the dif- 
ference is not a A^eiy marked one. 

-*Vs a result of the relationship between the blood urea concentration on the 
one hand and the urinaiy excretion and concentration of that compound on the 
other, it is cAudent that ratios betw^ecn the blood urea and these two other 
factors should shoAV less A-ariation than do the urine measurements themseh'es. 
Reference to table 1 sIioaa's that this AA'as the case. The ratio urine urea concen- 
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tration /blood urea and the maximum clearance both show lower coefficients of 
variation than do the urea concentration and the urea excretion. 

Table 2 shows that in lioth subjects there was a slight negative correlation 
between the mine volume and the concentration of urea in the blood. How- 
ever, the relationship found in one of the two instances (subject “AB”) was not 
significant. These results seem to show that I'ariations in the concentration of 
urea enteiing the glomerular filtrate did not cause significant variations in the 
amount of fluid retained in the tubules in these experiments. It seems most 
probable to the authors that this negative correlation is found liecause the con- 
centration of urea in the blood stream and the volume of urine excreted both 
var^'' with the amount of water in the blood stream, but the relationship is so 
.slight than no emphasis can proper^' be placed upon anj' explanation of it. 


TABLE 3 

Partial correlation of coefficients of the first order 


SECONDARY 

VARIABtE 


i 

PSUURV VARIABLE 



Subject “A. B.” 



Subject “C.D.” 



Urine volume held constant 


Blood urea 
concentration 

Urea excretion 

Urine urea 
concentration 

Blood urea 
concentration 

Urea excretion 

Urine urea 
concentration 

Blood urea con-| 
centration . ' 

+0.513 ±0.078 

+0.744 ±0.04S 


■4*0-394 ri:0.0ST 

-0.S39 ±0.027 

Mn.Titnum 

clearance , . , 1 -0.252 ±0. 100 
Ratio — urine i 
urea concen- j 
tration: blood j 
urea concen- 
tration . . , . ' — 0.41S ±o.os; 

1 

tO.OTO :i:0,05S 

*^"0.775 rt0,042 

-0.350 i0.103 

-fO.014 :fc0.103 

+0.34C ±0.091 

+0.72S ±0.049 


Urine volume 


Blood urea concentration held constant 


t 


+0.514 io.ors 


-0.S42 ±0.031 ^ 


+O.17S±O.J0O 


-0.S39 ±0.02’ 


Both subjects showed positive correlations between the urine ^'olurae and the 
rate at which urea was excreted in the urine, but neither coefficient was large, 
and that found upon the subject who excreted the largest volume of fluid per 
minute (‘‘AB”) did not po5se.ss statistical significance. In marked contrast 
with the.se figures were the high negative correlations found between the urine 
volume and the concentration of urea in the urine. To a ver^- large extent the 
o.xcretion of urea and fluid appear to have been independent of one another in 
these experiments, although this independence was c^'idently not complete. 
Reference to table 3 in which coefficients of the first order are given shows that 
when the blood urea was mathematicalh' held constant the relationship between 
the urine volume and the excretion and concentration of urea were cssentialbv 
the same as tho.«e shomi by the coefficients of the zero order ju.?t discu.ssed. 

It seems to the authors that the relationships of the diflerent factors to the 
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values of the ratios based upon them is of considerable interest. In general the 
values of a ratio vill show a positive correlation with the value of the numerator 
and a negative correlation with the value of the denominator. If the ratio is a 
perfect one these correlations will be equal in magnitude. The relationsliips 
between the ratios and their components shovm in table 2 are markedly irregular. 
There were marked positive correlations vdth the numerators — the excretion and 
concentration of urea — but the negative correlations with the denominators — 
the blood urea concentration — were only slight when they were present, and 
in some instances these con-elations were positive. This, it seems to the authors, 
means that there were variations in the excretion of urea which were not related 
to the measured variations in the concentration of urea in the blood. In table 3 
are given the same relationships when the urine volume was held constant. 
These results imply the existence of a high degi-ee of independence of urea excre- 
tion with both the urine volume and the blood urea concentration, for a signifi- 
cant positive correlation between these fractions and their numerators e.xists, 
while only one of the four ratios shows a significant negative correlation with the 
blood urea, and the mathematical value of this negative ratio is significant!}’’ 
lower than is the positive correlation with the numerator. These figures show 
that under these basal conditions the excretion of urea showed variations which 
were to a considerable degree independent of both the blood urea and the urine 
volume. It seems most probable that these variations were due to ^'ariations 
in the rate of reabsorption from the tubules. 

The ratios included in this discussion have been proposed as aids in evaluating 
the function of the kWnej^s under varying conditions. It seems worthwhile to 
discuss them briefly in reference to the two subjects studied. 

Table 1 shows that a comparison based upon the values of the ratio urine urea 
concentration/blood urea concentration would have been veiy unsatisfactory. 
Even under basal conditions this ratio showed a veiy great degi’ee of ^’ariabilit 3 ^ 
in each subject, and marked differences between the apparent kidney efficienc}' 
of two normal men, for subject “CD” would apparently have a kidney function 
over twice as great as that of subject “AB.” A compai-ison based upon the 
values of the maximum clearance — the ratio: rate of urine excretion /blood urea 
concentration — would ob\'iousIy be much more satisfactoiy. As alread}’’ pointed 
out, the value of this ratio upon each subject showed a very high degree of con- 
stancy. Only the coefficients of variation of the blood urea concentrations were 
as small as were those of this ratio. Furthermore the apparent kidney efficiency 
of the two subjects, if based upon the values of these ratios, would be almost 
identical, as would be expected. If a correction of the two figures based upon 
the body surface of the subjects were introduced into the calculations, as recom- 
mended by jSIcIntosh, jMoller and Van Slyke (8) the agi-eement between the 
results would be even closer than is that .sho-vra, for the subject with the higher 
clearance also possessed the larger body surface. Both values were somewhat 
lower than are the values usually accepted as normal. 

Moller, McIntosh and ^'an Slvke have (5) recommended the use of the stand- 
ard clearance — values of the ratio ^/u^ine volume X concentration of urea in 
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urine/concentration of urea in blood — ^as a basis for comparing results upon 
subjects who excrete less than 2 cc. of urine per minute. All of the specimens 
obtained from subject '‘CD” and more than half (25 out of 40) of those of subject 
“AB” fell within this range. Upon subject “CD” the value of the standard 
clearance appears to have served as a better measurement of kidnej’’ function 
than did that of the maximum clearance. The variability of the former clear- 
ance was slightl)^ smaller than that of the latter one, although the difference 
was not significant. The actual value of the clearance was much greater, and 
approached more nearl 3 ^. to the values which have been considered normal for 
such studies. It is worth noting that in the studies of this subject there was a 
significant positive correlation between the urine volume and the rate of excre- 
tion of urea. Upon subject “AB” it is evident that the standard clearance was a 
much less satisfactorj’ measure of kidnej’’ function. The values of the ratio 
showed a high degree of \'an‘abilit 3 ^ and the mean value was even lower than 
was that of the maximum clearance. Because some of the samples voided b 3 ' 
this man were above and others lower than 2 cc. per minute a “combined clear- 
ance” was calculated for this subject. This has been defined al^ead 3 ^ This 
clearance did not apparentl 3 ^ afford as satisfactoiy a measure of the kidne 3 " 
function of this patient as did the maximum clearance. The mean value was 
approximate!}’' the same as that of the maximum, and the \mriabilit 3 '' even 
g-eater than that of the standard clearance. It should be noted that this sub- 
ject did not .show a significant cori'elation between the urine volume and the 
rate of urea excretion, and so it is impossible to determine the augmentation 
limit (9, 5) in this instance. It seems quite certain that it was not 2 cc. per 
minute, and it is upon this figure that the calculation of what has been called 
here the “combined clearance” is based. 

SUMMARY 

The excretion of urea b}” two normal male subjects under basal conditions has 
been discussed. The concentration of urea in the blood and the rate of urea 
excretion were quite constant, and nearly the same in both of these subjects, but 
the water excretion and the concentration of urea in the urine fluctuated mark- 
edl}’ in both of them. There was a positive correlation of the blood urea con- 
centration with both the urea excretion rate and the concentration of urea in the 
urine; this relationship Avas somewhat closer Arith the concentration than the 
excretion, but the difference aars not marked. There aars a slight negatiA-e cor- 
relation betAA'een the blood urea concentration and the urine Amiume. ^Vhile 
there aars a .slight positiAR correlation betAARen the urine Amlume and the rate of 
urea excretion, the relatiA'e independence of urea and fluid e.xcretion aars much 
more marked. EAudence aars found that under these basal conditions the excre- 
tion of urea to some extent A'aried independenth'^ of ARriations in blood urea and 
urine volume. In these tAA'o cases the ratio: rate of urea excretion/concentration 
of urea in the blood appeared to lie a somewhat better basis for estimating kidne}" 
function than did other ratios studied. It appeared probable that this aa-os due 
to thedack of correlation lief ween urea e-xcretion and urine Amlurae shoAAR by one 
of the subjects. 



EXCRETION OF UREA UNDER BASAL CONDITIONS 


475 


REFERENCES 

(1) PuciiBR, G. W., P. R. Griffith, Jr., Iv. A. Brownell, J. D. Klein and M. E. Carmer. 

J. Nutrition 7: 131, 1934. 

(2) PucHER, G. W., P. R. Griffith, Jr., K. A. Brownell, J. D. Klein .and M. E. Carmer. 

J. Nutrition 7:' 169, 1934. 

(3) Griffith, F. R., Jr., K. A. Brownell, J. D. Klein and M. E. Carmer. This Journal 

87: 602, 1929. 

(4) Dubois, E. Introduction to medical biometry and statistics. 3rd ed. Philadel- 

phia, p. 132, 1936. 

(5) Moller, E., j. F. McIntosh and D. D. Van Sltke. J. Clin. Investigation 6: 427, 1929. 

(6) Moller, E., J. F. McIntosh and D. D. V.an Slyke. J. Clin. Investigation 6:485, 1929. 

(7) Pe.arl, R. Basal metabolism in health and disease. Philadelphia and London. 

pp. 319 to 331, 1923. 

(8) McIntosh, J. F., E. Moller and D. D. Van Slyke. J. Clin. Investigation 6: 467, 1929. 

(9) Austin, J. H., E. Stillman and D. D. Van Slyke. J. Biol. Chem. 46: 91, 1921. 




THE EFFECT OF FASTING ON THE BLOOD SUGAR CUR^Tl 
OF THE EVISCERATED RAT^- = 

HOGER M. REIXECIvE axd SIDNEY ROBERTS 

From the Divisions of Physiological Chemistry and General Physiology, Department of 
Physiology, The University of Minnesota Medical School, Minneapolis 

Received for publication March 13, 2944 

Roberts et al. (1944) have recenth- found that the non-nephrectomized, etdscer- 
ated rat, previously force-fed a diet rich in fat, is able to maintain a higher con- 
centration of blood sugar and to survive longer than similar animals maintained 
on equicaloric amounts of a high carbolij’-drate diet. 

The energj'-producing substances available during eaily fasting are chie% 
fat and some protein (Kingdom et ah, 1942). The present int'estigation wa.s 
undertaken to determine if fasting would affect the eriscerated rat in a manner 
comparable to the feeding of fat. As Avill be noted beloAv, differences as well as 
similarities exist in the two instances. The mechanisms involved in each case, 
therefore, are not necessarily the same. 

[Methods axd .waterials. Young male rats, obtained from Sprague-Dawley, 
Inc., and weighing 60 to 70 gi-ams, were prepared for eventual evisceration b}'’ 
complete ligation of the vena ca\-a above the renal veins. Tliey were allowed to 
gi'ow to adulthood on a diet of Purina “Whelping Fo.x Chow” fed libitum. When 
the animals had attained a weight of about 300 gi'ams, the.y were separated into 
three gi'oups having similar weight ranges. One gi’oup was fasted approximately 
four daj's, another two daj’s, and the third gi’oup was allowed access to food until 
operation. 

Complete abdominal evisceration, m'th or without simultaneous nephrectomy, 
was performed in a manner de.scribed pre^’■iollsly (Reinecke, 1943). Blood sam- 
ples were obtained from the clipped end of the tail immediately preceding and 
following the operation and at frequent inteiw'als thereafter. In the case of the 
non-nephrectomized eviscerated rats a sample was taken from the right ventricle 
at death; heart samples ha^'e previously been shown to be comparable in blood 
sugar content to .simultaneous tail samples at this time (Roberts et ah, 1944). 
The amount of blood di’awn in most ca.ses was 0.05 ml. Duplicate determina- 
tions of blood sugar were made on tungstic acid filtrates b}' a mi croferri cyanide 
method (Reinecke, 1942), 

All animals were given a subcutaneous injection of 2 cc. of phj-siological saline 
per 100 grams of body weight immediately before they w-ere anesthetized prepara- 
tory to operation. Those non-nephrectomized animals that were still alive nine 
hours after ligation of the coeliac and me.senteric arteries were further injected 

* -Aided by grants from the committee on Scientific Research of the .tVmerican Medical 
Association and from tlie John and yiarj' R. Markle Foundation. 

~ The authors wish to express their appreciation for the encouragement and advice given 
by Dr. L. T. Samuels. 
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subcutaneously with 2 cc. of physiological saline, per 100 grams eviscerated 
body weight. 

The time requhed for performing the operation was considerably longer in 
the case of the nephrectomized animals, because a cannula was placed in the 
external jugular vein incidental to other studies carried out on these animals 
subsequent to the time indicated by the last plotted points on their respective 
curves. Cannulation was carried out prior to the evisceration procedure. 

Results. Effect of fasting on the non-nc'phrectomizcd, eviscerated rat. Inspec- 
tion of the blood sugar curves of the non-nephrectomized animals (fig. 1) reveals 
a clear difference between fed and fasted animals. There is, however, no definite 
difference between the animals fasted two and four days. 



hours after Libation of" Coehac and he sent eric Arteries 


Fig. 1. The effect of fasting on the blood sugar curve of the eviscerated rat. A letter H 
near the final plotted point on a curve indicates that the corresponding animal ,suffercd a 
significant hemorrhage. An asterisk alongside the same curve shows when the hemorrhage 
was first noticed. 

It is of particular interest to consider the section of the curves between one 
hour and tln-ee hours after hgation of the arteries. This period demonstrates a 
difference between the fed and fasted groups wliich appears to be absent in 
animals with Iddneys removed in addition to abdominal evisceration. At one 
hour the ranges of blood .sugar values of fed and fasted animals are similar; at 
three hours, howe^'er, the blood sugar -values of the fasted animals are definitelj’- 
higher than those of the fed animals. 

The remainder of the blood sugar curves (subsequent to 3 hrs.) indicates that 
the animals Avhich had been fasted Avere able to stabilize their blood -sugar at 
liigher loA’els than those which had been fed. Only one of the animals that had 
been fasted exhibited blood sugar concentrations Anthin the Ioav range of the 
fed rats. This animals suffered a significant loss of blood Avliich in itself is 
sufficient to cause the deA-elopment of hypoglycemia (Reinecke, 1943 ). 

The length of survival after ligation of the coeliac and mesenteric arteries AA'as 
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much less for the fed animals than for those that had been allowed to fast. Ex- 
cluding the animals that had suffered significant hemorrlmge, those that had been 
fed sui-vived only 10|, 13, 15 and 15| hours, as compared to 21, 22f, 22| and 
24| hours for those that had fasted two days, and 214, 21f, 22 and 23| hours 
for those that had fasted four days. Death in con\ailsions occurred in all the 
fed animals, but in none of the fasted rats. 

Effect of fasting on the nephreclomized, eviscerated rat. The most salient feature 
of the curves of the nephrectomized animals (fig. 1) is that all segments subse- 
quent to the points plotted at the end of the operative period tend to have the 
same slope irrespective of whether the animals had been fed or fasted. 

It may also be noted that there was a more marked tendene 3 ’- for the blood 
sugar concentration to increase during the operative period in this stud}’- than 
in the experiments on the non-nephrectomized rats. It may be that this was 
merely a result of the longer period of ether anesthesia incidental to cannulation 
of the external jugular vein before exclusion of the liver from the circulation and 
evisceration. 

Discussion. The blood sugar method used in this experiment measures some 
non -fei-men table reducing substances as sugar (Reinecke, 1943). This com- 
plication must be borne in mind as a limitation to the interpretation of the data. 
In the ca.se of animals previouslj’- maintained on a high fat or liigh carbohj’^drate 
diet it was found that the non-fermentable reducing substances increased vith 
time after evisceration, but did not differ significant!}' between the groups on the 
different diets (Roberts et al., 1944). 

The similarity of the lilood sugar curves of fed and fasted nephrectomized, 
eviscerated rats stands in sharp contrast to the difference found in a comparable 
portion of the curves of the corre.sponding group of animals not subjected to 
nephrectomy. This may mean that the kidney is involved in the readjustment 
of metabolism that is induced by fasting. 

The results obtained on the non-nephrectomized, e^^scerated rats support the 
findings of Dimry (1935) and of Bergman and Dmry (1937). These workers 
found that it was necessary to inject glucose less rapidly to maintain the initial 
blood sugar level of the fasted non-nephrectomized, eviscerated rabbit than 
similarly prepared animals that had lieen fed prior to e%'isceration. 

The lack of a clear-cut difference between the two and four day fasted animals 
in the present study suggests that the metabolic readjustments involved in these 
experiments are completed b}' two days of fasting. The fact that the differences 
between the group that had been fed and those that had fasted persisted through- 
out. the experimental period, on the other hand, may imply that at least several 
hours are required for these readjustments. On the other hand, Drury (1935) 
has observed a decrea.sed utilization of glucose in the fed, non-nephrectomized, 
eviscerated rabbit after about 24 hours of survival which might possibly be due 
to such a readjustment occurring within the experimental period. 

The finding that fasting as well a.s the projiortion of fat to carbohydrate in the 
diet markedly affects the beharior of the non-nephrectomized, eviscerated rat is 
a warning that the state of nutrition must be carefully considered in studies on 
this preparation. 
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suaniARY 

Fasting has been found to have a marked effect on the blood sugar concentra- 
tion and the length of survival of the non-nephrectomized, eviscerated rat. 
Blood sugar was maintained at a significantlj’- higher level and survival time 
was twice as long in rats fasted two or four daj’-s as compared to rats fed to time 
of operation. Nephrectomy appeared to eliminate some of these differences. 
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Vascular changes in the liver produced by surgical procedures or by the in- 
jection of drugs have been studied from the standpoint of bile secretion (1), 
portal venous pressure (2) and liver volume (3). These investigations have re- 
sulted in advances of our knowledge of the intrahepatic circulation, the hepatic 
portal anastomosis and the relationship of the hepatic nerves to the liver 
capillaries- 

In this laboratory, the absorption of bile dining obstructive jaundice was 
studied under conditions in which the blood supply of the hver was little dis- 
turbed. It was concluded that both the blood and the Ijunph participated in 
the absorption of bile and that the quantity of resoibed bilirubin depended on 
intrabiliary pressure (4). In another .series of experiments it was shown that the 
main absorptive function could be taken over by the blood when the b’mphatic 
pathway was obstructed (5). The present exi^eiiments were designed to study 
the effect of vascular changes in the liver on bile resorption during obstructive 
jaundice. This method was not previousl}" eniploj^ed in the experimental ap- 
proach to the jaundice problem as far as the authors could determine. 

IMethod of study. The following procedures were performed on thirty-si.x 
dogs. Each animal was anesthetized by an intravenous injection of pento- 
barbital sodium, 50 mgm. per kilogram. FoUondng this an endotracheal tube 
was passed and artificial respiration was administered bi’ an insufBation machine. 
The thoracic Ijmph duct was isolated in the neck, severed from its venous ter- 
mination and cannulized. In the abdomen, the cystic duct ivas ligated and 
the common bile duct was intubated with a glass cannula. The latter was con- 
nected by a short piece of rubber tubing attached to a small graduated flask or 
reservoir. The biliaiy ductal system was then filled vith the animal’s own bile 
obtained by aspiration from the gall bladder and diluted nuth two volumes of 
noimal saline solution. Each experiment was conducted under a constant 
lU'drostatic pre.ssure. This was done by raising the bile containing reservoir to 
300 mms. above the level of the porta hepatis. The meniscus of the bile solution 
in the reservoir was the fixed point from which any fluctuation in biliaiy pressure 
was measured. 

In addition to the above mentioned procedures, vascular or neuro-vascular 
changes in the liver were produced by a variety of surgical methods. The ani- 
mals in the entire series may be classified into four gi-oups. Group I. Hepatic 
artery ligated. Group II. Hepatic artery deneiwated. Group HI. a. Eck 
fistula, b. Eck fistula with hepatic artery ligated, c. Reversed Eck fistula. 
Group IV. Hepatic veins obstnicted. 
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An initial preoperative sample and several postoperative samples of blood and 
lymph were taken at regular inten-als for quantitative bilirubin determination 
by the van den Bergh method. ^ Lymph ivas collected at regular periods corre- 
sponding in time vdth each lilood sample. The total output of Ijonph was meas- 
ured and noted. The intake of bile b}* the liver represented the total amount of 
bile solution added to the graduated reservoir during the experimental period. 
Bile solution was added onl 3 ' when the intrabiliaiy pressure fell below the stand- 
ard experimental pressure. 

Results. Group I. The hepatic arteiy was ligated without injuiy to the 
periarterial plexus of the nerves. Ligation of this arteiy did not re.sult in anj' 
visible change m the gross appearance of the liver. During the period of ob- 
structive jaundice, the alisorption of bilhubm into the blood was slow and 

TABLE 1 


The effect of ligation of the hepatic artery on the concentration of bilirubin in the blood and 

lymph during obstructive jaundice 
Bilirubin (mgm. per cent) 


EXPT. 

SAMPLE 



1 

! 20 MIN'. 

1 40 MIS. 

60 MIS. j 

80 MIS. 

100 iHN', 

120 MIN. 

1 

Blood 

0.00 

0.00 


0.00 

wm 

wm 

n 

0.00 


Lymph 

0.00 

j 0.00 

mm 

0.09 


M 

mm 

0.89 

2 

Blood 

0.00 


0.08 

0.13 

Bi 

0.19 


0.46 


Lymph 

0.00 


0.10 

0.19' 

a 

0.38 

mm 

0.57 

3 

Blood 

0.00 

0.00 1 

0.13 

0.18 

0.22 

0.24 

0.22 

0.36 


Lymph 

0.00 

0.00 

0.20 

0.53 

0.82 

0.98 

1.00 

1.16 

4 

Blood 

0.00 

0.00 

0.00 

0.12 

0.26 

0.42' 

0.48 

0.53 


Lj’^mph 

0.00 

0.10 

0.15 

0.28 

0.46 

0.63 

0.92 

1.06 

5 

Blood 

0.00 

0.00 

0.00 

0.09 

0.10 

0.18 

0.34 

0.58 


Lymph 

0.00 

0.05 

0.12 

i 

0.22 

1 

0.26 

0.30 

0.48 

0.72 


quantitativelj' small. Bilirubin resorption in the Ijunph was more rapid and 
increased progressivel.y in amount. The results obtained were similar to those 
obtained in a series of earlier exiieriments (4) in normal dogs in which there was 
no disturbance of the blood supply' of the liver (see table 1). 

Group II. Denervation of the liver was performed bi' the technique recom- 
mended b\' Limdlierg (6). During the period of obstruction bilirubin appeared 
quickh' both in the peripheral blood and Ijmph and a constant slow increase was 
noted. The ■\’^alues for bilirubin in the blood and hunph exceeded those of the 
previous experiments. The intake of bile averaged about 8.3 cc. Denervation 
of the liver did not appear to affect the flow of hmiph or its output (.see table 2). 

Group Ilia. Bj' means of the Eck fistula the portal blood stream was diverted 
from the liver into the general venous circulation. This procedure affected the 
process of absorption during obstructive jaundice. As a re.sult bilirubin was 
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detected only in traces or in small quantities in the blood. However the resorp- 
tion of bilirubin into the l3Tnph was not depressed to the same extent. The 
intrabiliary pressure tended to fall below the standard level and bile solution was 
frequently added to the reservoir. The intake of bile (23 cc. av.) exceeded that 

TABLE 2 

Effect of denervation of hepatic artery on biliary resorption during obstructive jaundice 


Bilirubin {mgm. per cent) 


XXPT. 

BAirPIX 

1 linxiAr 

10 MIN. 

20 MIS. 

40 MIS. ' 

60 MIN. 

80 MIN. 

100 MIN. 

120 MIN. 

6 

Blood 

0.00 

0.25 

0.28 

0.41 

0.48 

0.61 

0.81 

0.83 


Lymph 

0.00 

0.42 

0.58 

0.78 

0.83 

0.92 

1.02 

1.14 

7 

Blood 

0.00 

0.35 

0.44 

0.73 

0.73 

0.60 

0.83 j 

1.01 

i 

Lymph 

0.00 

0.39 

0.54 

0.92 

1.32 

1.56 

1.81 

2.12 

s 

Blood 

0.00 ; 

0.20 

0.39 

0.68 

0.94 

1.20 

1.30 

1.52 


Lymph 

0.00 i 

0.28 

0.49 

0.83 

1.32 

1.68 

2.04 

2.14 

9 

Blood 

0.00 

0.37 

0.35 

0.41 

0.63 

1.37 

1.93 

2.00 


Lymph 

0.00 

0.23 

0.81 

1.30 

! 2.40 

3.10 

3.26 

3.42 

10 

Blood 

0.00 

0.49 

0.35 

0.53 

0.76 

1.08 

1.34 

1.46 


Ljunph 

0.00 

0.52 

0.58 

0.78 

1.50 

2.20 

2.42 

2.84 


TABLE 3 


The concentration of bilirubin (average values) in the blood and lymph in Eck fistula dogs during 
obstructive jaundice. Initial concentration of bilirubin in blood and lymph was 0.00 

Bilirubin (mgm. per cent) 



TYPE or expekhcent 

; SAMPLE 

10 MIS. 

20 MIS. 1 

40 MIS. 

60 MIN. 

80 MIN. 

100 MI.S. 

120 MIS. 

11-20 

1 Eck fist. i 

! Blood 

0.00 

0.00 

0.11 

m 


0.61 

0.79 


: i 

' 1 

I Lymph 

1 

0.00 

0.18 

0.21 

B 


1.20 

1.60 

21-26 

Eck fist. hep. a. lig. 

Blood 

0.00 

0.00 

0.06 

0.12 

0.12 

0.26 

0.32 



Lymph 

0.05 

0.05 

0.18 

0.48 


0.73 

0.91 

27-31 

Reversed Eck fist. 

Blood 

0.18 

0.31 

0.62 

0.92 


^ 1.23 

1.46 



Lymph | 

0.24 

0.54 

0.94 

1.48 

1 1.48 

1.93 

2.06 


of the previous experiment. The rate of flow and the output of Ijunph (65 cc. 
av.) were also increased (see table 3). 

Group Illh. In this group of dogs, in addition to diversion of the portal blood 
stream into the inferior vena cava bt' means of the Eck fistula, the hepatic artery 
was ligated. This resulted m a diminution in the size of the liver and affected 
its absorptive mechanism during the period of obstructive jaundice. Bilirubin 
was not detected in either the blood or honph in two e.xperiments. In the other 
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three onlj’^ small amounts of bile pigment "were found in either the blood or 
l 3 Tnph. In this group also there was a large intake of bile solution (28 cc. av.) 
and a marked output of hunph (53 cc. av.) (see table 3). 

The same effects Avere obtained in experiments in which in association vith 
evisceration of the gastro-intestinal tract the portal A^ein and hepatic artery AA’ere 
ligated. The degi’ee of bilirubin resorption into the blood and Ijmiph, the intake 
of bile and the output of Ijunph Avere similar to that described for group Illb. 
HoAA'eA^er the extensiA’^e operath’-e procedure emplojyed in this experiment intro- 
duced the added non-phA^siologic factors of shock and hemorrhage. 

Group IIIc. ReA>-ersal of the Eck fi.stula brought both portal and caA'-al blood 
to the liA^er. The capacity for bile resoiption was increased during this period 
of Ausceral engorgement and obstinictiA'^e jaundice. Biliburin aa'rs noted quanti- 

TABLE 4 


Effect of obstntciion of the hepatic veins on the concentration of biliruhin in the blood and lymph 

during obstructive jaundice 
Bilirubin (mgm. per cent) 


EXPT. 

SAMPLE 

INnXIAL 

10 MIK. 

20 MIN. 

40 MIN. 

60 MIN. 

so MIN. 

100 MIN. 

120 MIN. 

32 

Blood 

0.00 

0.31 

wm 

0.83 

in 

n 

1.86 

2.46 


Lymph 

0.00 

0.56 

j 


1.04 

M 

m 

2.14 

3.26 

33 

Blood 

0.00 

0.12 

0.18 

0.30 

0.86 

1.14 

1.36 

1.80 


Lymph 

0.00 

0.16 

0.52 

0.71 

1.06 

1.45 

1.83 

2.06 

34 

Blood 

0.00 

0.00 

0.11 

0.26 

0.53 

0.79 

0.92 

1.20 


Lymph 

0.00 

O.OS 

0.20 

0.38 

0.88 

1.00 

1.28 

1.56 

35 

Blood 

0.00 

0.10 

0.30 

0.46 

0.62 

0.94 

1.24 

1.50 


Lj’mph 

0.00 

0.24 

0.46 

.0.74 

1.00 

1.24 

1.38 

1.76 

36 

Blood 

0.00 

0.18 

0.26 I 

0.50 

0.74 

1.06 

1.20 

1.46 


Lymph 

0.00 

0.20 

0.55 

0.68 

0.88 

1.24 

1.63 

2.00 


tatiA'ety in the blood and Ijunph in all the experiments. In two cases bilirubin 
appeared in imusuallj’- liigli concentration in the l.ymph. The flow of l 3 Tnph was 
rapid and profuse (82 cc. ual) but the total intake of bile aA’-eraged 18 cc. (see 
table 3). 

Group IV. The hepatic A'eins AA'ere obstructed b 3 " constriction AA-ith a fine 
rubber tourniquet. In tA\-o experiments a cord ligature aa'rs used. Complete 
obstruction was not obtained but produced changes sufficientty significant to 
proA-e this method effectiA'e. In tliis gi-oup three out of eight dogs died before 
the completion of the experiment. In the successful e-X]Deriments the liA^er AA-as 
obseived to assume a dark purplish color and appeared marked^' engorged. 
After obstruction of the bile duct bilirubin appeared in significanth* large quanti- 
ties both in the blood and l 3 Tnph. Little bile solution Avas needed for the 
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reservoir. (4.2 cc. av.). The output- of Ijunph vas greater than in the previous 
gi-oup and averaged 97 cc. for the experimental period (see table 4). ■ 

Discussiox. The interpretation of the results obtained in these expen'ments 
maj’- be based on the relationship of bile resorption and intrahepatic blood pres- 
sure to each other during tlie period of obstructi\-e jaundice. Involved in the 
latter consideration are .such factors as the minute ^mlume flov of blood through 
the liver, filtration pressure, perilobular pressure, lobular pressure and bUe 
capillarjr pressure. Fundamental observations on the relationship of intra- 
hepatic pressure to bile secretion have a!read 3 ’' been made Ir^' Tanturi and Ivj^ (1). 

In the present experiments it was found that bile resorption depended on 
intrahepatic blood pressure. The absorption of bile was markedlj' diminished 
when the portal vein was ligated and the main blood supplj" to the liver was 
interrupted. This involved a fall in the intenial blood pressure of the liver as a 
result of which the blood capillaries and delicate sinusoids became compressed 
by the .sustained (300 mm. H 2 O) pressure from the intrabiliaiy radicles (bile 
capillaries). In tum the bile capillaries were more easih’^ distensible and filled 
with bile from the reservoir. E.xpeiimental procedures in which both the hepatic 
arteiy and portal vein were ligated jnelded similar results and emphasized fur- 
ther the importance of the intrahepatic pressure on the absorptive mechanism. 
However obstruction of the hepatic artery alone did not impair the resorptive 
capacitj'’ of the liver dui-ing jaundice since the internal ^dsceral pressure was 
adequately maintained bj' the portal blood stream. The reversed condition of 
increased intrahepatic pressure obtained by obstruction of the hepatic veins 
resulted in an increased absorption of bilirubin during the period of jaundice. 
The latter maj'’ be accounted for on the basis of alteration of permeabilitj’’ of the 
hepatic cells probably caused by anoxia and resulted in a rapid diffusion of 
bilii-ubin into the blood and bmiph. Denervation of the liver resulted in an 
increased secretion of bile in a sj'stem already' obstimcted at 300 mm. H 2 O 
pressure. As previoush' reported, bilirubin resorption increased with a rise in 
intrabiliarj'- pressure during the obstructive period (4). 

An increa.sed flow of l^miph was observed in all cases in which the portal vein 
was ligated. This should be regarded as the usual concomitant of venous ob- 
struction and was adequateh' described bj’’ Starling (6) many 3 ’-ears ago. The 
increased flow of bunph occurred also after obstruction of the hepatic veins and 
could be accounted foi' on the same basis as the latter. 

SUMMARY 

1. Ahscular and neurovascular changes in the liver modified the resorption of 
bile during obstructive jaundice. 

2. A decrease in intrahepatic vascular pressurc reduced the absorptive capac- 
it 3 ‘ of the liver in jaundice. 

3. An increa.se in irrti-ahepatic vascular pre.ssuie re.sulted in .significant and 
rapid concentration of bilirubin in the blood and l^-mph. 

4. The resorption of bile depended on inti-ahepatic vascular pi'essui’e as well 
as intrabiliaiy pressure. 
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The author has shoun (1) that the temporaiy hypertonus of extensor or flexor 
muscles of the limbs, which develops following relaxation of voluntary isometric 
contraction of the muscles against resistance, serves as a basis for the study of 
tonic neck, labyrinthine, e 3 ’’e, nociceptive and other reflexes Avhich can be shown 
to “catch on” and to affect, as in a decrebrate animal, the augmented stretch 
reflexes of normal human subjects. 

The present studj’’ involves observations of the effects of acoustic stimuli 
upon these same hypertonic states of extensors and flexors of normal human 
limbs. 



Fig. 1. Effects of 60 cycle tone, applied monaurally, upon extensor hypertonus of the 
arm. The upper record measures the angle of abduction of the arm, which increases with 
the tonus. Sound is signalled between brackets in the lower line on which time intervals 
of one second are indicated. A. A declining extensor tonus is redeveloped by sound in the 
contralateral ear. B. Development of tonus, immediately following cessation of volun- 
tary contraction of extensors, is greatly accelerated by sound in the contralateral ear. C. 
Inhibition of tonus by sound in the ipsilateral ear. Some recovery of tonus develops fol- 
lowing cessation of the inhibitory stimulus. 

la the presence of extensor hj’-pertonus of the arm, sufficient to produce definite 
involuntary abduction of the limb, a sound of anj’" frequency from 60 to 4096 
cycles and of intensity greater than 30 decibels above the threshold of hearing 
will, when applied to the contralateral ear, augment the extensor tonus. When 
a sound of similar intensity is applied, by earphone, to the ipsilateral ear, ex- 
tensor tonus is quickty abolished. Effects on flexor tonus, which are also 
easily demonstrable, are in the opposite direction -with respect to the ear stimu- 
lated. Tonus changes in the leg correspond to those of the arm of the same 
side. Figure 1 presents tracings of typical photographic records of these effects. 

Monaural studies wth an audiometer indicate that thresholds are much higher 
for tones above 8000 cycles than for sounds of lower frequency. Binaural ap- 
plication of 60 C 3 'cle tones of approximately equal intensity demonstrates that 
the augmentor 3 ’- effects of contralateral stimulation ma 3 ’’ be suppressed b 3 ^ con- 
current ipsilateral stimuli, but that the inhibition, in this case, develops much 
more slowl 3 ’' and incompletcty than in the case when ipsilateral stimulation is 
used alone. 
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These acoustic reflexes may be combined successively or simultaneously with 
tonic neck, labyrinthine, optic and other reflexes previously described (1). 

In the absence of a pre-existing.state of tonus in the arm, acoustic stimulation 
of the opposite ear produces no definite development of tonus of the extensors. 
However, if the arm, which is initially hanging limp at the side, is either volun- 
tarily or passively lifted and allowed to drop again to the side, a sufficient stretch 
reflex may be developed to serve as a “handle” for the acoustic augmentor effect 
to become manifest. Under these conditions reflex abduction of 5° to 10° ma}’- 
be effected. 

Discussion. The significance of these acoustic reflexes is not entirely'' clear. 
It is evident that they fit into the general pattern of attitudinal and postural 
reflexes, but one can onlj’’ speculate as to their importance in normal human 
subjects. Acoustic reflexes have been studied in decerebrate animals (2, 3, 4), 
and it has been pointed out that reactions to sound may fall in two categories : 
a, fear reactions elicited by intense or sudden noises, and b, orientation reactions 
concerned with turning of the ears and head and body toward the source of the 
sound. The reactions which we have studied seem to belong in this second 
group. 


SUMMARY 

Acoustic stimuli are showm to alter the post-contraction hypertonus of human 
limb muscles. Monaural stimulation results in augmentation of contralateral, 
and inhibition of ipsilateral, extensor tonus of arm or leg. Flexor hypertonus 
is affected in the opposite direction. 
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, The absolute rate of movement of ions across the intestinal epithelium cannot 
be studied without resort to tracer methods, except in the case of ions which 
are not normally present in the blood. In the case of important constituents of 
the animal body tracer methods offer the only opportunity for measurement of 
actual rates of movement in the two directions: .1, Blood to gut, and 2, gut to 
blood. Net movement of an 3 '’ such mateilal as the sodium ion is obxdously not 
a measure of total movement in either direction except in the cases in which 
movement in the opposite direction is zero. 

It is the purpose of this paper to describe experiments on sodium ion movement 
in which Na-^ has been introduced, in some cases into the intestinal lumen, and 
in others into the blood, in a group of surgically* prepared intestinal loop dogs, 
studied repeatedly in the unanesthetized state. Previous studies on transport 
of radiosodium across the intestinal epithelium (1, 2, 3, 4) have not distinguished 
between different levels of the intestine, nor have they’^ been concerned vith 
comparative rates of movement in both directions. They'^ have confirmed the 
known fact that sodium ion is reachly absorbed from the intestine' and haA^e shovm 
how quickly it is distributed throughout the body% The latter point is important 
but does not bear directly on the subject of this paper. Studies (5) on absorption 
of radiosodium from gastric pouches have a more direct bearing and indicate 
characteristic differences in permeabihty between antral and stomach body 
mucosa, the fonner shoving the greater. 

The observ-ations to be reported at this time vill show that under the condi- 
tions employed sodium ion is moving both into and out of the gut at various levels, 
even while rapid net movement out is occurring; that there is a descending aboral 
gradient in permeability; that absolute rates of movement of sodium ion can 
be calculated, and that they are related to net absorption rates in the case of a 
particular segment level, further, that the several levels show characteristic 
differences in this relation; that sodium ion movements both out of and into the 
gut are dependent upon gut sodium concentration; and that the total sodium 
turnover in the intestine is calculable and large. Moreover it vail appear that 
there is reasonably good quantitative agreement between the measured absolute 
rate of sodium movement in either direction and the calculated rate derived 
from measurements of the absolute rate in the opposite direction and the net 
transport rate. 

^ Aided by grants from the Rockefeller Foundation and the Graduate School of the Uni- 
versity of Minnesota. 
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1. Experimental methods, a. Surgical procedures and conduct of experi- 
ments. Chronic Tliiiy- Vella loops of the jejunum and ileum betiveen 30 to 40 
cm. in length and Vella loops 15 to 20 cm. in length of the duodenum and colon 
were made in nine dogs. Animals were routinel}’- fed a pound of raw hamburger 
the evening before the operation but were otherwise not fed an 3 '-thing but Avatcr 
for 24 hours prior to surgerjL iUl surgical procedures were carried out with 
aseptic technique, under ether or nembutal anesthesia; and anastomoses were 
fashioned substantiallj'- according to the closed method of Martzloff and Burget 
(6). Duodenal loops in two dogs extended from just distal to the opening of 
the common bile duct to the ligament of Treitz, the proximal end being closed 
and the distal end brought out through a stab wound as a single stoma. The 
accessaiy pancreatic duct was transplanted into jejunum, after dissection (pre- 
serving the blood suppljO had removed the pancreas and numerous minor ducts 
from the duodenum. 

Jejunal loops in two dogs extended 30 to 40 cm. distal from the ligament of 
Treitz, and ileal loops in three dogs were constructed from the 30 to 40 cm. of 
gut proximal to the large intestine. In both instances the proximal and distal 
segments of the loops were brought out obliquel}’’ thi’ough stab wounds over the 
lower ribs, on the left in the case of the fomer, on the right in the latter. Fol- 
lowing this procedure, simple compression against the thoracic cage readih’- 
avoids fluid leakage during tests. After ligature of the inferior mesenteric artery 
and vein at the level of its colic branches, and the adjacent vessels in the meso- 
colon, in a preliminaiA" operation, collateral circulation developed sufficientlj'- 
to permit an ileocolic anastomosis only a few centimeters from the rectal spliinc- 
ter. In this fashion a loop of about two-thirds of the colon in two dogs was made 
li}'' inverting the terminal ileum and ex-teriorizing the distal segment as a Vella 
fistula. 

All dogs were carefully trained to lie quietlj’- on tables speciallj'' constmeted 
with raised edges and a slight tilt to allow free drainage of wash solution. The 
“better” animals would lie quietlj'' for over two hoiu’s -ndthout requhing anj’- 
restraint or admonition. Before each test and frequenth’- during training (to 
ob\date effects of conditioning), the loop was washed ■v\ith several hundred milli- 
liters of normal saline solution at 36° to 39°C., introduced via a multiperforated 
no. 16 French soft rubber catheter, inserted well into the loops. When wash 
fluid returned relatively free of mucus and epithelial debris, in-igation was dis- 
continued and the catheter was left in situ a minimum of 30 minutes before the 
absorption experiment was begun. For each test 20.0 ml. of the solution to be 
studied Avas delivered from a volumetric pipette into the loop and after repeated 
mixings in the pipette chamber a 2.5 ml. sample was withdrami and placed in 
a clean centrifuge tube. Enough air to emptj' it was then forced through the 
catheter and it. was maintained thus, bv a suitable clamp. Additional samples 
were collected each ten minutes as long as obtainable up to 30 minutes, care 
bemg taken each time to secure a representative mi.xed specimen, followed by 
air cmptjdng of the catheter. At the conclusion of each absorption test 10 mil 
of a 5 per cent sucrose solution was introduced from a volumetric pipette and 
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thoroughlj’- mixed ■\\dth the residual solution in the gut. An aliquot was then 
-withdl■a^^^l and delivered into a clean dry centrifuge tube. The volume re- 
maining in the loop was determined b 3 ’- comparing the conductivity of the last 
sample (0.2 ml.) diluted mth 10 ml. (of water) and the sucrose wash solution 
(1 ml. diluted -^ith 10 ml. of water) by means of a dipping conducti\dty cell. 
The electrodes were coated vdth platinum black and the cell was washed and 
dried after rinsing in alcohol and ether before each separate determination. The 
two solutions were kept at the same temperature in test tubes in a large beaker 
of water. It was assumed that the conductmty of the sucrose wash solution 
was directly proportional to the fraction of salt solution it had been mixed with 
in the gut. This method for determining volumes is veiy much quicker than 
anah^sis for a reference substance and has satisfactory accurac 3 ^ There is no 
suitable way to determine volumes in the loop at successive intervals before the 
last sample is removed so where necessar 3 ' we have assumed that the change 
in volume was linear AAuth time. This assumption is not valid over the whole 
of the absorption curve but, according to earlier observations (7), is substantially 
accurate until more than 50 per cent of the fluid has been absorbed. The possible 
importance of differences in length and surface area wall be discussed later. 

b. Analytical methods. Chloride was determined on 0.2 ml. samples according 
to Ke 3 ’s (8). One to 2 ml. samples were ashed with sulfuric acid at 500°C. 
for 5 hours or overnight. The ash was taken up to IN HCl and an aliquot taken 
for potassium anal 3 'sis according to Wilde (9). Sodium was determined on an- 
other aliquot b 3 ’’ a microraodification of the standard zinc-uran 3 d'acetate method. 
All analytical methods were standardized b 3 ' anal 3 '^zing known solutions con- 
taining the same salts as the unknowns in the ranges of concentration emplo 3 ’’ed. 

c. Radiosodium technique. Na^'* Avas prepared from pure sodium h3’'droxide 
b3’' deuteron bombardment.^ The hydroxide was conA’erted to the chloride ly 
addition of hydi'ochloric acid and brought to the desired concentration. As 
noted above, tAA-o t3'pes of experiments were performed, one in AA’hich the disap- 
pearance of Na* (labelled sodium) from the intestinal lumen AA^as studied, and 
another in which the rate of entrance into the lumen from the blood aa'RS obseiwed. 
In the first case the Na* solution AA^as placed in the gut loop. In the second it 
AA'as injected intravenously as an isotonic solution of NaCl 30 to 90 minutes before 
the start of the transport experiment. The radioactiAuty AA'as measured b3’’ the 
use of Geiger counters of tested accuracy.® Background counts Avere made at 
appropriate intei’A^als and decay rates AA'ere determined as a check on the methods 
and the identit3’' of the radioactive material. In each case appropriate correc- 
tions for deca3' are made according to the standard procedure. 

The radioactiAnt3’' of the solutions is first determined on a volume basis. The 
value is referred to subsequentl3' as RRA, that is “relatu'e radioactmtA'”, at 
a particular time. The quantities are subsequent^' expressed in tAA'o other AA'a3's, 

- We are indebted to Prof. John H. Williams of the Department of Physics for supervis- 
ing this procedure. 

^ We are indebted to Prof. Wallace D. Armstrong of the Division of Physiological Chem- 
istry for the loan of apparatus and for advice in the radioactiA’itj' measurements. 
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“specific sodium activity” and “labelled sodium concentration”. The specific 
sodium activity is defined in tliis paper as the radioactivity per unit of sodium 
concentration referred (a), in the case of the gut to blood experiments, to the 
radioactivity of the sodium in the gut at zero time as unity, and (b) in the blood 
to gut experiments, to the radioacti\uty of the sodium in the plasma as unity. 


Thus, for case (a): 


And, for case (b): 


(SSA„)t = 


{RRAg')i 

[NaM^ 


(jRf2Ap)o 

INa\]o ’ 




(RRAo)t (RRAp) 

[Na%], ' [Na+p] ' 


The mean value over any time t will be indicated as SSA,,. The labelled sodium 
concentration vnll be defined in the next section. 

2. Methods for calculation of rates of sodium ion movement from 
TRACER data. a. For observations in which labelled sodium is -placed in gut loops. 
From the observed data the “labelled sodium concentration”, at any time is 
calculated as follows: 


m*c]t 


{RRAg)l 

(WaJo 


[Na+J 




( 1 ) 


At zero time labelled sodium must bj’’ definition equal total sodium concentration. 

The rate of total sodium ion movement \vill be measured by the quantity of 
radiosodium moved per unit time dmded by the proportion of sodium ions 
moving wliich are radioactive. The amount of radio sodium moved is measured 
by the decline in labelled sodium in the gut loop, and the proportion of the so- 
dium consisting of the radioactive isotope is given in relative values by the 
specific sodium activity. Since the labelled sodium concentration is already re- 
ferred to the initial total sodium concentration, the fractional change inSSAover 
time can be used to account for the abundance ratio change over time in calculating 
total sodium movement. Thus: 


Naoiit 


([Na*JoFo - [Na^],y,)-(^gA,)o 

SKAg-t 


( 2 ) 


It vill be obvious that Naou< vdll be expressed as milliequivalents per unit 
time if concentrations are expressed in mE per liter and volumes in liters. It 


•* It should be noted that labelled sodium conccntnition is not equivalent to Na-‘ concen- 
tration. The atoms of Na-‘ make up a very small proportion of the total sodium, but on 
the assumption that the intestinal epithelium docs not distinguish between the several 
sodium isotopes the changes in amounts of any isotope present can be used te determine 
wliat has happened to the other isotopes present initially with the one studied. This as- 
sumption naturally underlies the use of isotopes as tracers in any situation. To the e.xtent 
that this assumption is inv.alid any such measurements arc in error. However, no evidence 
exists that the several sodium isotopes are treated appreciably difTcrcntly bj' living mem- 
branes. 
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represents total sodium ion movement in the direction gut to blood per unit 
time. Equation 2 assumes that volume and concentration changes vary linearly 
vith time. A few tests of this assumption indicate that it is approximately 
correct during the earlj’- periods of absorption. 

In anj'- two compartment S3'-stems between which materials can move in both 
directions the difference between the rates of movement in the two directions 
must represent the net transport rate. For the purposes of this analji-sis the gut 
loop can be considered as one compartment and the rest of the animal body as 
a second compartment. Furthermore it seems legitimate to confine attention 
to the blood as the portion of the second compartment vdth which the intestinal 
loop actually exchanges materials. It vdll not alwa3’’S be legitimate to ignore 
the multi-compartment nature of the remainder of the animal bodj'-, but for the 
situation in question it seems likely that no error vdll be introduced. Thus for 
the case of sodium ion movement it can be seen to be true that; 


hi Rout Hajnto hlanct 


( 3 ) 


Avhere NUout is the rate of movement of sodium ion from gut to blood, Nainto 
the rate in the reverse .direction, and Na„ct the rate of net transfer across the 
epithelium between blood and gut. Na„ct can have either positive or negative 
values, the former indicating absorption and the latter excretion®. 

In these calculations it is assumed that the concentration of labelled sodium 
on the blood side of the intestinal epithelium is zero or negligibl}’- small. Thus 
no account is taken of the possible return movement of radiosodium from blood 
to gut. The fact that the intestinal loop compartment has about one-thousandth 
the volume of the total bodj'' appears to justif3’’ such an assumption for the present 
case. A further assumption is made, nameb’’, that the epithelial membrane has 
negligible thickness or volume capacit3n It is believed that for the present 
calculations this assumption introduces no important error. 

b. For observations in which labelled sodium is introduced into the blood. From 
the observed data the labelled sodium concentrations in the gut solutions are 
calculated as follows: 

where Na"^ is the sodium concentration in the plasma in milliequivalents per 
liter. 

The apparent rate of sodium ion movement from blood to gut is; 


NaintoCuncorr.) 


([Na*JrF0 - ([NaMo-Fo) 
i 


( 5 ) 


This apparent rate is in error to the extent that labelled sodium moves from 
gut to blood during the time of observation. The situation is entirely different 
from that obtaining when the radiosodium is placed in the gut because in that 


'' The term excretion is used without an3' implication as to mechanism. The process may 
he entireh- pas.sive as far as the epithelium is concerned. 
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case the outside compartment is for all practical purposes infinitely large. In 
the case in question now, however, the labelled sodium in the gut compartment 
soon reaches finite values and to ignore return movement would vitiate anj'^ 
calculations based on observations over finite times. Therefore full account 
must be taken of this back movement. It can be accounted for in the follovang 
manner. 

The true rate of movement of labelled sodium into the gut mil be measured 
by the amount of labelled sodium accumulating in the loop per unit time plus 
the amount leaving in the same time, thus: 

Nainfo = Nainto (uncorr.) X (6) 

where X equals the rate of loss of labelled sodium from the gut during the time 
of observation. The value of X can be ascertained to be: 


X = Naouf-S/Syl„ (7) 

since the rate of loss of sodium entering from the blood must be equal to the rate 
of total sodium movement from gut to blood, times the mean specific radio- 
activity of the sodium in the gut. Equation 3, Naout — Nainto = Na„et, applies 
by definition to experiments in Avhich movement of labelled materials is in cither 
direction. Substituting in equation 3 one obtains: 


X 

MAo 


— [Nainto (uncorr.) -|- X] = Na^ct 


( 8 ) 


Rearranging and sohdng for X 

X = + Nainto(uncorr.)]-^5^1g 

1 - 


( 9 ) 


In this equation X is the only quantity for which observational measurements 
are not available. It thus becomes possible to calculate X and apply the desired 
correction in equation 6. Likewise it is possible to calculate Na^ut from either 
equation 7 or 3. The results of such calculations must be identical for mathe- 
matical reasons. 

A more rigid and detailed treatment of the theoretical aspects of the calcula- 
tion procedure has been made with the help of Mr. John M. Reiner. This 
treatment will be published in the near future in connection with the further 
mathematical analysis of the results of these and other experiments. The 
important clarification arising from the more rigid mathematical analysis is in 
showing that the de\Iation from linearity in volume and concentration changes 
observed is not great enough to alter any of the calculations presented here 
significantly. 

3. Observations on coNCENi'iLmoN and specific RADioAC'rmTv changes. 
a. SwiiiUancous movement in two directions. In figure la one sees the analjdical 
results of an experiment in winch Na=^ in an isotonic solution of MgSO^ and 
NaCI, each salt contributing about half of the total osmotic activity, v/as placed 
in a colonic loop and trans])ort studied. It will be noted that both sodium and 
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chloride concentrations are falling, indicating the movement of those ions counter 
to their concentration gradients, since each ion is in higher concentration in the 
blood plasma than in the gut loop. This phenomenon has been the subject of 
earlier study (10). It will be noted, moreover, that the labelled sodium con- 
centration in the intestine [Na*J diminishes very much more rapidly than does 
the sodium concentration [Na+s], indicating that the absolute rate of sodium 


Fiq / Fig 2. Fig ^ 



0 (0 20 30 10 20 30 10 20 30 10 20 30 10 20 30 ’ 10 20 30 

Time in minutes 


Fig, 1 a. Observations on changes in composition of fluid in a segment of colon in a dog 
in which the sodium was labelled by addition of Na*t The concentration of labelled sodium 
(N a*] is expressed as indicated in the text. The solution in the gut was an isotonic mixture 
of equi-osmotic proportions of NaCl and MgS04. 

Fig. 1 b. Observations on the same dog used in the experiment in figure la, in which Na®^ 
was injected in isotonic NaCl into the blood 30 minutes before the start of the experiment. 
The movement of labelled sodium into the gut is to be noted. The gut solution was an 
•sotonic mixture of equi-osmotic proportions of NaCl and MgSO«. 

Fig. 2 a, b and c. Changes in composition of isotonic NaCl solutions containing Na** 
in dogs with surgically prepared isolated segments of jejumun, ileum and colon. The broken 
lines indicate concentrations of labelled sodium. Labelled sodium is moving from gut lumen 
to blood. 

Fig. 3 a and b. Changes in composition of isotonic NaCl solutions in duodenal and colonic 
bowel segments in dogs injected intravenously with Na®< in isotonic NaCl 30 minutes or 
more before the beginning of observations. The broken line indicates labelled sodium 
concentration. 

movement ^vill be found to be much greater than would be suggested by the sod- 
ium concentration change. Calculations to be presented in section 4 will confirm 
this deduction. 

Such an observation would indicate that even while there is a large net move- 
ment of sodium from gut to blood (G — > B) there must be a considerable rate of 
movement in the opposite direction, that is from blood to gut {B — » G). In 
order to obtain direct proof of such a back movement it is necessary to study 
labelled sodium movement from B~> G while the net movement is, as before, 
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in the opposite direction. The results of a typical experiment of tliis sort are 
presented in figure lb. It can be seen that there is a large movement of labelled 
. sodium from B —^G, even -while the net sodium movement is large in the opposite 
direction. This has been the invariable result in all comparable experiments. 
It indicates that net movement of sodium irill be found to be the algebraic sum 
of movements in the two directions: gut to blood, and lilood to gut; and that 
the back movements can be very large. 

h. Ohservaiions on the behavior of the intestine at various levels. The several 
segments of the intestine possess differing properties with respect to the transport 
of materials between lumen and blood. It is ob\dously of interest to know about 
the relative freedom of movement of ions in the directions G B and B G 
at various levels from duodenum to colon. Figure 2a, b and c, and figure 3a and 
b, present data on concentration changes when there is movement of labelled 
sodium from and into isotonic NaCl solutions at four levels. Figure 2, in its 
three sections, shows the changes in [Na+J and [Na*„] over time when the radio- 
sodium is placed in the gut loop. Each figure is the average of two or more 
e.xperiments, the entire number performed under a given condition. The 
strildng fact to be noted is the slower rate of change in labelled sodium concentra- 
tion as one proceeds to the aboral end of the gut. The rate of fall in [Na*„] in the 
jejunum is about five times that in the colon. Figure 3 presents the observa- 
tions for the reverse situation, B G, in the cases of the duodenum and colon. 
Here it is to be noted that the rate of change in [Na*p] is about ten times as great 
in the duodenum as in the colon. It therefore appears that the freedom of move- 
ment and the rate of movement of sodium ion betiveen the blood and isotonic 
NaCl in the intestinal lumen are less, in either direction, as one proceeds to the 
aboral end of the gut. 

Results of studies on movement of labelled sodium out of and into isotonic 
NasSO-i solutions are shown in figures 4a, b and c, and oa, b and c. Again it is 
to be seen that rates of change in [Na*^] are smallest in the case of the colon, 
largest for the jejunum and intermediate for the ileum. Thus the aboral gradi- 
ent is again indicated. The differences between colon and jejunum arc between 
four and six fold. A minor point in connection \rith figure 5a should be noted. 
At 30 minutes [Na*p] exceeds [Na+^l by about 10 per cent. This relation might 
be accounted for either on the grounds of experimental error or on the ba.sis of a 
fall in the specific radioactivity of sodium in the blood over time. 

c. The general relation between sodium ion concentration and rnovement between 
blood and gut. The rate at which radiosodium is. cleared from the gut has been 
studied in experiments in wliich the total sodium ion concentration in the gut 
solutions was set at various levels from 20 to 220 mE per liter. The converse 
rate of entrance into the gut has been studied under comparable conditions. 
Figure 6a, b and c show the average results of experiments under the conditions 
in question upon the colon, stud 3 nng movement in the direction G B. It 
can be seen that the absolute rate of change in [Na%] varies directly with the 
sodium concentration. This indicates that the rate of movement of labelled 
sodium from gut to blood will be found (see p. 500) to be greater the higher the 
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sodium concentration. Such a relation is perhaps to lie expected. Likewise 
the rate of increase in [Na*^ in the colon loop is seen (fig. 7a, h and c) to be greater 
the higher the sodium concentration. The significance of this observation will 
become more evident later wLen calculations of rates of movement are presented. 
The establishment of equilibrium between blood and gut Avith respect to the 
specific acti^dty of sodium is, as might be expected, faster the low^er the sodium 
content of the gut solution. This is evident from the fact, as seen in figure 7a, 
b and c, that [Na^p] approaches lNa\] more -completelj'- at any given time, the 


Fig g Fig 5 



Fig. 4 a, b and c. Clianges in composition of appro.'cimatcly isotonic Fi’a;S 04 solutions 
with sodium labelled in jejunal, ileal and colonic segments. The movement of Na-^isfrom 
gut to blood. 

Fig. 5 a, b and c. Changes in compo.sition of NasS 04 solutions as in figure 4, and in the 
same dogs, but in which the blood sodium was labelled. The movement of Na*^ is from 
blood to gut. 

lower the value of [Na+p]. This relation can be seen to hold at all levels of the 
gut studied in tables 1 and 2 by inspection of the values for specific radioactivity 
of sodium in the gut loops at 10 minutes after insertion of samples. In table 
1 data appear for experiments in wdiicli Na-^ was placed in the gut. The trend 
is evident for the .specific acthfity of sodium at 10 minutes to be loww, the lower 
the sodium concentration in the loop. In table 2 are the data for experiments 
in -which Xa-^ was put in the blood. It will be noted on inspection that the 
.‘Specific activity of sodium at 10 minutes tends to be higher, the low'er the sodium 
concentration; that is, in both cases, the degree of approach to equilibiium 
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between gut and blood vitli respect to the isotopic composition of tlie sodium 
in each is greater the lower the sodium content of the gut fluid. 

4. Calculations of absolute ilvtes of sodium movement between in- 
testinal LUMEN AND BLOOD. In fifty-sevcn experiments complete analytical 
data have been obtained for measurements of movement of sodium ion between 
blood and gut lumen for jejunum, ileum and colon.® These data and the calcula- 
tions of rates of movement for the fu‘st 10 minutes of observation made from 
them are presented in tables 1 and 2. The values for rates of movement in 
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Fig. 6 a,b andc. Changes in composition of isotonic solutions of mixtures of tiic siilts 
indicated, with varying proportions of XaCl as indicated b}’ Na+ at zero time in the colon. 
The movement of labelled sodium is from gut to blood. 

Fig. 7 a, b and c. Changes in composition of isotonic solutions of mixtures of the salts 
indicated in the same colon segments used in (he experiments of figure 6. The movement 
of labelled sodium is from blood to gut. 

table 1 are calculated according to equations 2 and 3, and those in table 2 accord- 
ing to equations 6 and 3. A nimiber of additional expeiimcnts were made but 
incompleteness of data prevents their being included in these tabulations. In 
■view of the number of experimental situations employed it is difficult to analyze 
the data in these tables except in giaphic form. Therefore the significant 
correlations are presented in a series of giaphs. 

^Rchilivelyfew ob.«ervations were made on the duodenum and the}’ are therefore not pre- 
sented at this time. These few observations indicate a behavior somewhat similar to the 
jejunum. 
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The first point of importance is to ascertain the correlation between the con- 
centration of sodium ion and. the rates of movement of sodium out of and into 

TABLE 1 


Analytical data and calcvlalions for experiments in which labelled sodium moved from gut 

to blood 


IN 

or INTESTINE AND CHARACTER OF SOLUTION 
APPROXIMATE FRACTIONS OF ISOTONICITV 

v„ 

V,o 

(Na«I 

l[Ka«]x 

i Na!' 
’1 SSAii. 

Xaoul 


j ^anet 

Jejunum 
Expt. 1 

2 

3 

4 

5 

G 

7 

0.5 NaCl 
0.5NaCl 
1.0 NaCl 
0.5 NaCl 
0.5 NaCl 
0.4 NaCl 
0.4 NaCl 

0.5 Na;SO, 

0.5 NajSO^ 

0.5 MgSO^ 

0.5MgSO< 

O.G MgCl; 

0.6 MgCle 

cc. 

17.4 

17.5 
17.5 

17.5 
17.4 

17.6 
17.8 

cc. 

14.4 

19.8 

14.8 
17.2 

20.4 
14.1 
13.6 

mE/1 

214 

190 

162 

76 

72 

67 

64 

ir.E/l 

205 

193 

172 

98 

110 

67 

86 

0.272 

0.315 

0.490 

0.123 

0.154 

0.194 

0.070 

mE/ 

min. 

0.459 

0.323 

0.214 

0.200 

0.157 

0.167 

0.198 

mE/ 

min. 

0.382 

0.373 

0.184 

0.235 

0.256 

0.143 

0.200 

mE/min. 

0.077 

—0.050 

0.030 

0.035 

-0.099 

0.024 

- 0.002 

Ileum 

8 

0.1 NaCl 

0.9 Na2S04 

16.7 

14.1 

251 

247 

0.810 

0.151 

0.081 

0.070 


9 

0.1 NaCl 

0.9 NasSOi 

16.5 

13.1 

242 

240 

0.345 

nRi 

0.346 

0.085 


10 

0.5 NaCl 

0.5 Na2S04 

17,6 

15.9 

241 

240 


1 


0.042 


11 

0.5 NaCl 

0.5 Na5S04 

17.4 

14.9 

230 

225 


li|R| 

0.226 

0.064 


12 

0.5 NaCl 

0.5 Na2S04 

17.5 

15^ 

196 

209 

0.657 

S 1 ' 

0.138 

0.019 


13 

1.0 NaCl 


17.4 

11.2 

169 

179 


w * 

0.168 

0.095 


14 

1.0 NaCl 


17.5 

14.5 

165 

158 

0.887 


0.031 

0.059 


15 

1.0 NaCl 


17.3 

14.1 

162 

158 


t|| : ! 


0.058 


16 

0.5 NaCl 

0.5 MgSO, 

17.5 

14.6 

81 

96 


Ill ' 


0.001 


17 

0.5 NaCl 

0.5 MgSO, 

17.5 

15.6 

74 

82 

0.598 

0.066 


0.001 


18 

0.5 NaCl 

0.5 MgS04 

17.4 

16.2 

77 

95 

0.543 


nnP 

- 0.020 


19 

0.1 NaCl 

0.9 MgSO, 

16.8 

16.1 

20 

49 


0.045 

•VlKlI 

-0.045 


20 

0.1 NaCl 

0.9 MgS04 

16.5 

14.3 

24 

46 

VPIRi 


0.059 

- 0 . 02 G 


21 

0.1 NaCl 

0.9 MgCL 

16.5 

12.0 

21 

18 


nTlg 

IMI^ 

0.013 


22 

0.1 NaCl 

0.9 MgCb 

16.4 

14.0 

19 

31 

VIH 

iKm 



-0.013 


23 

0.1 NaCl 

0.9 MgCL 

17.6 

13.2 

18 

22 

0.195 


wiBi 

0.002 


24 

0.1 NaCl 

0.9 MgCl: 


15.1 

17 

26 

0.335 

B 


-0.009 

Colon 













25 

0.1 NaCl 

0.9 NajSOA 

16.5 

13.0 

238 

243 

0.885 

■ s 




2G 

0.5 NaCl 

0.5 NU 2 SO 4 

17.3 

15.7 

230 

210 

0.919 

K S 

|R ' 



27 

1.0 NaCl 


17.9 

14.5 

162 

156 

0.868 

1 S 

IQ 1 



28 

1.0 NaCl 


17.5 

15.4 

152 

158 

0.827 

R 1 

IQ ! 



29 

0.6 NaCl 

0.4MgSO4 

17.6 

14.5 

110 

113 

0.769 

ju V 

IQ ' 



30 

0.5 NaCl 

0.5MgSO4 

17.5 

15.5 

85 

88 

0.871 

jn 1 

IQ I 



31 

0.1 NaCl 

0.9 MgSO« 

16.4 

13.8 

16 

17 

0.613 

jn « 

ni ' 



32 

0.1 NaCl 

0.9 MgCl. 

16.5 

14.7 

21 

14 

0.534 


m ' 



33 

0.1 NaCl 

0.9 MgCl. 

17.9 

15.8 

18 

19 

0.474 

H 

H 



the gut at the several levels. The second point of major interest is to ascertain 
whether the rate of mo^'ement “observed” in one direction is in agreement with 
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the rate “calculated” from labelled sodium movement in the opposite direction; 
•whether, in other words, the data obtained can be emploj-ed in the equation: 

^^out ^ainto ^anet 

A third correlation of interest is that between the movement out of and into the 
gut. A fouidh correlation to be studied is the relation between absolute rates 
of movement in either direction and the net transport rate. 

TABLE 2 


Analytical data and calcidations for experiments in which labelled sodium moved from blood 

to gut 


LEVEL or INTESTINE AND CHABACTER OF SOLUTION IN 
APPROXIMATE TRACTIONS OF ISOTONICITV 


T'., 

o 

c3 

z 

e 

*« 

c5 

2. 

Na5< 

SSAo 

Na!' 

SSAio 

Xaout 

*111110 

Nanet 

Jejunum 
Expt. 1 

2 

3 

4 

0.5 XaCl 
0.5 NaCl 
0.6 NaCl 
0.03 NaCl 

0.5 

0.5 

0.4 

0.97 

Na;SOi 

Na;SOi 

MgCU 

MgCl; 

cc. 

17.5 

17.4 

17.5 
17.5 

cc, 

17.0 

14.7 

15.5 

15.5 

mE 

/i 

217 

200 

102 

5 

mE 

H 

198 

200 

91 

26 

1 

1 

1 

mE/ 

min. 

0.538 

0.700 

0.229 

0.152 

mE/min. 

0.042 

0.054 

0.037 

-0.032 

Ileum 
















5 

1.0 

NajSO 

4 . . . . 


17.3 

11.7 

M 

t! : 



nEHK 

ilE ' 2 

0.285 


6 

0.4 

NaCl 

0.6 

NajSOi 

17.5 

15.8 




y^i 

y^ 

: ' 

0.056 


7 

0.5 

NaCl 

0.5 

Na:S04 

17.4 

12.9 

':S 

'SS 


IJyfft 1 

y^ 


0.142 


8 

0.5 

NaCl 

0.5 

NajSOi 

17.5 

14.8 


! 1 : 


yg: 

y^ 

« '' 

0.080 


9 

0.5 

NaCl 

0.5 

NaiSOi 

17.5 

14.5 



uRk 

wyS 



0.083 


10 

0.6 

NaCl 

0.4 

MgSOi 

17.5 

14.8 

E 

7! 


y^ 


n S 

0.015 


11 

0.5 

NaCl 

0.5 

MgSOi 

17.5 

16.2 

89 

99 


yRI 

y^ 


-0.004 


12 

0.5 

NaCl 

0.5 

MgSOi 

17.5 

15.S 

80 

liiill 



y^« 


0.003 


13 

0.5 

NaCl 

0.5 

MgSOi 

17.3 

13.5 

84 

85 



m S 

SjiS * 

0.031 


14 

0.3 

NaCl 

0.7 

MgCh. 

17.4 

13.7 


61 




0.114 

-0.014 


15 

0.3 

NaCl 

0.7 

MgCb 

17.4 

14.5 

34 

54 

1 



0.034 

-0.019 


IG 

1.0 

MgCl; 



17,5 

14.5 

3 

13 




0.035 

-0.015 

Colon 
















17 

1.0 

NaCl . 



17,5 

13.8 

160 

150 

0.000 

0.113 

0.103 


0.074 


IS 

0.5 

NaCl 

0.5 

Na:SOi 

17.6 

14.4 

228 

211 

0.018 

0.161 

0.153 


0.097 


19 

0.5 

NaCl 

0.5 

Na;SOi 

16.8 

14.7 

232 

226 

0.013 

0.080 

0.0S3 

0.025 

0.058 


20 

0.6 

NaCl 

0.4 

MgSOi 

17.3 

15.5 

96 

76 

0.000 

0.237 

0.086 

0.038 

0.048 


21 

22 

0.6 

0.5 

NaCl 

NaCl 

0.4 

0.5 

MgSOi . . . . 

MgSO, 

17.3 

15.3 

16.3 

13.8 

94 

90 

95 

69 

0.075 

0.000 

0.253 

0.116 

0.042 

0.057 

0.034 

0.014 

0.008 

0.043 


23 

24 

0.4 

1.0 

NaCl 

MgCl- 

0.6 

MgCl; 

17.5 

17.4 

15.2 

14.7 

54 

3 

51 

9 

0.100 0.381 

o.oooji.ooo 

0.049 

0.014 

0.032 

0.021 

0.017 

-0.007 


In figure Sa are plotted the rates of sodium ion movement from gut to blood 
at the levels of the jejunum, ileum and colon, at the several concentrations of 
sodium ion in the gut fluid, obtained from the experiments in which radiosodium 
was placed in the gut and its loss to the blood observed. In these studies the 
rate Naout is the “observed” rate corrected from the gross measurements, as 
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indicated in equation 4, by taking the decline in specific radioactivity of sodium 
over the time of observation into account. 

Figure 8b presents the results of calculation of the same rate, Naom, derived 
from the observations in which labelled sodium moved into the gut. In tlfis 
case Nainto and Nanet were measured and Naout calculated from them. As has 
been noted, the rate Nainto is calculated by taking back movement into account. 



Fig. 8 Fig. 9 

Fig. 8 a. Rates of movement of sodium oul of the gut plotted against gut sodium concen- 
tration for loops at three levels of intestine, measured in experiments in which radiosodiuni 
moved from giil to blood. 

Fig. 8 b. Rates of movement of sodium otii of the gut calculated from experiments in 
which radiosodium moved from blood to gut. 

Fig. 8 c. Rates of movement of sodium into the gut measured in experiments in which 
radiosodium moved from blood to gut. 

Fig. 8 d. Rates of movement of sodium into the gut calculated from experiments in which 
radiosodium moved from gut to blood. 

Fig. 9 a. The relationship between the values obtained for the rates Nainto and Naont 
in the case of the ileum. The open circles represent values obtained when radiosodium 
was placed in the gut and the measured total movement was Naout, the value for Nainto 
being calculated. The solid dots are values obtained when radiosodium was put in the 
blood and Naiuto measured, while the value for Naout was calculated as indicated in the text. 

Fig. 9 b. The same type of data from observations upon the colon. 

Inspection of these two figures shows, first, that there is a rather high degree 
of variability in rates of sochum movement from each of the three levels of gut, 
which is least in the colon. This variability is not so gi’cat, however, as to obscure 
certain facts, namely, that there is a positive con-elation between Naout and 
[Na'^J, that the rates for Naout are characteristicall}’’ different for the segments 
at each gut level, and that the general ranges of values are the same in the two 
graphs. Especially in the case of the colon there is no doubt that the “observed” 
and “calculated” rates for Naout at equal sodium concentrations are on the aver- 
age very nearly the same in the seventeen observations wliich have been made. 




SODIU.AI BETWT3EN INTESTINAL LUMEN AND BLOOD 


501 


In the case of the ileum, tiie scatter of points in the two gi’aphs covers the same 
general area of the rate-concentration plot. In connection Avith this rather AA-ide 
scatter in the cases of the ileum and jejunum it is belieA^ed that the A'ariations 
noted are largely real and not due in am’’ great part to errors in measurement. 
It must be admitted that since six quantitative measurements are represented 
in each point there is a possibility of accidental summation of random errors 
AA'hich might result in a large final error. There is, hoAA'eA’-er, no eAudent reason 
Avhj’’ such random errors in measurement .should be gi-eater in the ileum or 
jejunum than in the colon. Therefore it appears that the A’-ariability of behaAuor 
of the ileum and jejunum are real, and result from a greater sensitiAuty to factors 
AA'hich it Avas not possible to control in these experiments. It seems A’^ery likely 
that important information AA'ould be gained if it AA^ere possible to ascertain the 
causes of the obserA'’ed A'ariations. 

It should be noted that the rate Na<,ut becomes A^eiy small at Ioav A’-alues for 
[Na'^p]. If straight lines describing the means of observed A-alues be draAA'n for 
each, the ileum and the colon, it aaHI be noted that Avhen extended to zero [Na'^p] 
the}’- Avould fall at 0.25 mE per 10 min. or beloAv. It is of interest that no quantity 
calculated for Naout from B^G experiments had a negattee sign. Tliis AA'ould 
be entirely possible if random errors AA^ere large. The absence of such a finding 
speaks for the vieAv expressed above that the observed da}" to day variability 
"in the jejunum and ileum is real. 

The observed Amlues for the reverse rate, that of Nainto the gut, are plotted 
against concentration in figure 8 c, and the calculated A'alues, from experiments 
in AA'hich radiosodium moA'ed from gut to blood, in figure 8 d. It is to be noted 
first that the gi'ouping of A'alues for each of the three gut IcA'els is in the same 
order as before. Next, it is possible to see that in the case of the ileum, and 
more obAuously so in the case of the colon, the aA’erage values for Nainio at anA" 
of the liigher gut sodium concentrations are much smaller than the A"alues for 
Naout shoAA'n in figures 8 a and b. It seems .significant that this is true for the 
“calculated” A'alues shoAA'ii in figure 8 d. Calling especial attention to the colon 
A"alues, because their A'analfility is least, it aatII be seen that the agreement be- 
tAA'cen “observed” and “calculated” A'alues for Nainto is fairl}" good. In the case 
of the ileum the situation is exactly as AA'as seen in connection AA'ith the comparison 
of the tAvo sets of A'alues for Naout- The scatter of A^alues for “obseiwed” and 
“calculated” Nainto I'ates coA'ers the same area. 

The relation betAveen the rates of moA'ement into and out of the intestine can 
be seen better AA'hen these Iaa'o A'anables are plotted one against the other. If 
the rates Nainto and Naout u'cre equal the points representing each e.xperiment 
should fall on the 45° line of the gi-aph. The deviation from 45° AA-ill thus be a 
measure of the difference betAA'een the Iaa'o rates in a giA'en case. By plotting 
the results of bothtAiies of experiment, namelA',the G— j-B and B-^G experiments, 
on the .same graph, it becomes possible to ascertain Avhether the tAA'o methods of 
measurement lead to reciprocally corresponding A'alues. Figures 9 a and b 
present such figures for the ileum and colon respectiA'ely. It is CA'ident from 
these graphs that there is a marked difference betAA'een the tAvo levels of gut. 
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the colon possessing regularly a lower rate for Na^nto than is characteristic of the 
ileum. This difference is largest at the liigher rates of movement. 

The second feature to he noted in figure 9 is that for both levels of gut the 
values obtained in the B-^G and in the G-^B experiments fall in the same areas 
of the graphs. This fact constitutes further confirmation of the general validity 
of the methods of calculation from movements in the two directions. 

The fourth important relationship which can be ascertained from the observed 
data is that between net sodium movement and the two directional movements. 
These relations are shown in figures 10 a, b, c and d. In the first two, Nanet 
is plotted against Naout, in the last two against Najnto. It vill Ido evident upon 



Fig. 10 a. The relation between total movement of sodium oul.ol the gut, at three levels, 
and the net sodium movement observ^ed in experiments in which radiosodium moved from 
gut to blood. 

Fig. 10 b. The same relation as shown in figure 10 a, derived from experiments in which 
the radiosodium moved from blood to gut. 

Fig. 10 c. The relation between total movement of sodium into gut and the net sodium 
movement observed in ex^Jeriments in which radiosodium moved from blood to gut. 

Fig. 10 d. The same relation as shown in figure 10 c, derived from experiments in which 
radiosodium moved from gut to blood. 

inspection that the thi*ee levels of intestine behave veiy differentlj* with respect 
to the relation shown in these graphs. The jejunum shows very low-, or negative, 
values of Nanct for large values of Naout or Nainto- Exactl}^ the reverse is seen 
in the case of the colon. The ileum behaves in an intermediate fashion. 

5. Discussion of results. The data and calculations which have been 
presented provide quantitative measurements of sodium ion moi'ement in both 
directions between intestinal lumen and blood. It has been shown that under 
all conditions studied there is movement of sodium ion in both directions wdienever 
there is mov'eraent in either. The magnitude of movement from blood to gut 
calculated or observed is less than the reverse movement under all conditions 
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in which there is net sodium absorption. Tliis is true regardless of whether the 
sodium concentration in gut fluid is liigher or lower than that in the plasma. 

The movement of sodium from blood to gut is gi-eater the liigher the gut sodium 
concentration under the conditions studied in the jejunum and ileum. In the 
colon it appears that this situation obtains if at all only at the lower concentra- 
tion levels. The return movement of material undergoing absorption represents 
a “leak” in one sense. The most efficient absorbing mechanism would appear 
to be one in wliich movement is strictly unidirectional. However, absorption 
is not the only function of the intestme and hence it ivould be improper to expect 
to find a mechanism which ignored other requirements. It may be of importance 
that the colon approaches the condition of unidirectional movement to a greater 
extent than does either the ileum or jejunum. In the case of the colon, where 
absorptive functions predominate, the rate of sodium movement into the gut at 
the higher sodium concentrations is less than 50 per cent as great as the reverse 
rate. The jejunum is obviously unfitted for absorption of sodium against con- 
centration gradients, the colon possesses a mechanism beautifully adapted to 
such a function, and the ileum is able under optimum conditions to accomplish 
positive net movement nearly as well as the colon, but in the average case is 
definitel)’’ less efficient. 

The difference in length of intestinal segment employed at the several levels 
of the intestine constitutes a complicating feature of these experiments. As 
noted under methods, the duodenal and colonic loops were made approximately 
one-half the length of the other two types. A correction for this difference will 
only result in an accentuation of the gxeater apparent permeability found for 
the duodenum, but if a linear correction is made it would reduce the difference 
between ileum and colon. In fact as between these two it would leave a sig- 
nificant difference only in the case of movement from blood to gut. It would 
be necessary to know the surface area available for permeation at each level of 
intestine in order to make further deductions. No such area measurements 
were attempted. 

It should also be noted that in both the ileum and the colon, but more particu- 
larly in the latter, the rate Naout exceeds Najnto, even when the [Na+J is very 
much smaller than [Na'^j.]. Tliis result would, of course, have been predicted 
from the fact that Nanrt is positive under these conditions. Neverthelass it is 
significant that direct observation of labelled sodium movement in the B— >G 
experiments yields the result anticipated. This agi-eement irith expectation 
gives support to the view that the method of calculation of rates of movement 
which has been employed is e.ssentially correct. Its validity is strengthened 
further bj’ the fact that there is general agreement between the observed and 
calculated values for rates of movement in the two sets of experiments in which 
labelled sodium moved in one case into and in the other out of the gut. 

An approximate calculation of the total amounts of sodium moved into and 
out of the gut under various conditions can be made from the data herewith 
presented. The lengths .of the jejunum, ileum and colon of a 10 kgm. dog 
may be taken as about 70, 70 and 25 cm. respectively. The segments employed 
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in these studies were each approximately one half of the jejunum and ileum and 
two tliirds of the colon. The rates for Na,-„t<, the several gut segments at 160 
mE [Na+p] were found to be about 0.25, 0.14 and 0.04 mE per min. respectively. 
The calculated rate of entrance of sodium into isotonic NaCl for the entire in- 
testine, exclusive of duodenum, is calculated to be 0.84 mE per min. Assuming 
the dog’s plasma volume to be 5 per cent of its weight and the [Na+J to be 140 
fnE /1., there would be 70 mE of sodium in the plasma. An amount equal to 
this would pass into the gut in 83 minutes in the case in question. This calcula- 
tion is ob^dously rough, and a more refined one is at present unjustified but it 
vill serve to show the relatively large magnitudes of transport rates of material 
into and out of the gut. If the same general conditions occur in the human one 
might calculate that for a man weighing 60 kgm. the rate of turnover would be 
about 5.0 mE per min. or 162 grams per daj^ which is twenty-five or more times 
the usual daily sodium intake. Since the lumen of the gut normally contains 
roughly the concentration of sodium assumed in tliis calculation it seems likely 
that a turnover of this general order of magnitude actually occurs. This is in 
addition to any sodium secreted by the various digestive glands in response to 
food. These calculations have been made primai-ily to indicate the large quan- 
tities involved, and to point out that a defect in the absorbing mechanism need 
not approach the stage of total breakdown of function in order to result in drastic 
salt loss from the body. 

In the calculatioiLS of movement between gut lumen and blood which have 
been presented the mechanisms of movement have intentionally been ignored. 
The proportionate parts played bj'’ the passive permeability characteristics of 
the intestinal epithelium and by active work processes have not been considered. 

It has been shown in the studies reported here that the apparent permeability 
of the small gut to sodium ion entering from the blood is positively correlated 
with the rate at whicli the univalent cation present is leaving the gut. There 
is no positive proof that the relatioaship is causal, but it seems ver^’’ likeh' to be. 
If so it would be concluded that the apparent permeability to movement in one 
direction would depend upon a djmamic process occurring in the opposite 
direction. Capacities for penetration b 3 ' diffusion can be made evident in a 
d^mamic sj'^stem onl}^ when active movements are measurable and controlled. 
It thus becomes evident that the term permeability in a djmamic .s 3 ^stem has 
onl}^ a limited meaning. Structural factors alone vill not account for the observed 
facts. The degree to which structural characteristics can control permeation 
depends upon dj-^namic factors. In another communication data on simultaneous 
studies of water and inorganic ion movement bj' tracer methods will be presented 
and a fuller discussion will be given at that time. 

SUM-UARY 

a. Na-^ has been employed as a tracer in measuring rates of sodium ion move- 
ment into and out of the gut at several levels in chronic surgicallj' prepared seg- 
ments of the dog intestine. Methods of observation and calculation ha\"e been 
described. 
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h. The absolute rates of movement of material in either direction can be cal- 
1 

eulated, knondng the net transport rate and the absolute movement rate in one 
direction. Rates determined from measurements of net transport and of total 
movement in either direction show general agreement under comparable con- 
ditions. 

c. Sodium ion moves in both directions across the intestinal epithelium at 
measurable rates under all conditions studied. Even when there is movement of 
sodium from gut to blood against large concentration gi-adients small amounts 
of that ion are simultaneously entering the gut from the blood. 

d. There is in general a descending aboral gradient in sodium movement from 
blood to gut, the movement being least in the colon. 

c. The same general inle holds for movement in the gut to blood direction 
except that there is proliably little difference between ileum and colon. 

/. The rates of sodium ion movement both out of and into the gut are both 
positively correlated with sodium ion concentration in the small gut under the 
conditions of the experiments reported. This correlation could not have been 
predicted for movement into the gut and probably has significance in connection 
vith the dynamics of movement of sodium ion. 

g. The jejunum and ileum show greater variability in measured rates of sodium 
ion movement than does the colon. It is believed that the variations observed 
in the first two regions result from real changes in state of the animal from day 
to day. The causes of the ^nriations were not ascertained. 

h. The difference between Naou« and Na,n«> is ordinarily much greater for colon 
than for ileum. It appears therefore that the colon possesses a more efficient 
absorbing mechanism with a smaller “leak”. 

i. A rough calculation shows that the total turnover rate of sodium between 
the intestine and the blood is very large, being appi-oximatelj’’ equal to the total 
plasma sodium per S3 minutes. 

j. These observations stress the importance of dynamic factors in determining 
the apparent permeability of living membranes. The fact that sodium ion 
movement in a given direction through a structure readily permeable to it is 
positively correlated nith the simultaneous rate of the univalent cation movement 
through it in the opposite direction, indicates that permeation under these con- 
ditions depends upon dynamic factoi-s more than upon structural ones. 
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Gregory and I\’y (1) have presented evidence indicating that the stimulation 
of secretion in a subcutaneously transplanted pouch bj' perfusion of a second 
pouch of the remainder of the stomach with secretagogues is mediated by a 
honnonal mechanism. Butler, Hands and I\y (2) have confinned and extended 
the report of Kim and Ivj" (3) to the effect that gastric secretagogues are more 
potent and have a lower threshold dose when administered by local perfusion of 
the gastric mucosa than when administered slowh' intravenously. This indi- 
cates that secretagogues do not act solelj”^ by absorption into the blood and that 
the^'’ probably cause the release of a hormonal gastric secretory agent. 

Lim, Loo and Liu (4) observed that pepsin concentration is not always in- 
creased and not infrequently may be lowered in the gastric juice secreted in 
response to a meal by an autotransplanted pouch. We (5) have shown that the 
peptic secretory'- response of the transplanted gastric pouch to pharmacologic 
stimulants is similar to that of ordinary innervated and denervated gastric 
pouches. 

This investigation is concerned with a study of the peptic secretory response 
of the transplanted pouch in response to the hormonal type of stimulus referred 
to above as compared with the response to the parenteral administration of 
histamine and pilocarpine. 

Methods. Animals. Two female dogs with large subcutaneously trans- 
planted pouches of one-third of the fundic portion of the stomach and vagally 
denervated pouches of the remainder of the stomach served as experimental 
animals. The operative procedure is described in detail in the paper b}’’ Gregory 
and H'j" (1). 

Stimulation of secretion and collection of samples. Histamine, pilocarpine and 
histamine-free liver extract (Lederle, 15 APA units per cc.) were used as secre- 
tor 3 ’’ stimuli. Gastric juice was collected only from the transplanted pouches. 
Four samples were collected at half-hour intervals after the first drop of juice 
appeared in the collecting bottle. Histamine dihydrochloride was administered 
subcutaneously ever}’’ 10 minutes in small doses calculated to give a volume of 
secretion approximately equal to that elicited by liver extract stimulation. 
The dosage of histamine diliydrochloride varied between 0.025 and 0.05 mgm. 
per 10 minutes. Three-tenths of a milligram of pilocarpine hydrochloride was 
administered subcutaneously every ten minutes. The liver extract was per- 
fused through the main gastric pouch by a technique similar to that used by 
Butler et al. (2). 
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Determination of pepsin. Pepsin Avas estimated by the method of Anson (6) 
after appropriate dilution of the sample of gastric juice Avith 0.01 N HCl. 

Results. Samples were tested for free acid with alkacid paper and all were 
found to be below pH 3.0. The pepsin concentrations during the course of the 
two hour period showed no consistent or marked fluctuations, therefore only the 
total values for the two hour period are listed (table 1). 

Discussion. The results presented indicate that the pepsin concentration 
and output in response to liver extract applied to the gastric mucosa are of the 
same low order of magnitude as those evoked by histamine stimulation and do 
not approach the values which occur when a strong stimulus for pepsin secretion, 

TABLE 1 


Pepsin values of gastric jidce frovi transplanted pouch after various stimulants 



LIVER PERFUSION 



nXSTAUINE 


DOG NO. 







Volume 

U/cc. 

Pepsin output 

Volume 

U/cc. 

1 

Pepsin output 

1 


15 

249 

WBm 


156 



10 

175 



131 


1 12.8 

13 

102 

mam 


170 


15.8 

14 

221 

14.7 

■■ 

245 

Ave 

15.9 

13 

I 

202 

1 

15.2 

12 

i 

175 


2 

3.3 

23 ' 

77 

5.5 

8 

44 


3.0 

10 

57 

3.9 

11 

43 


3.0 

39 

no 

3.4 

13 

44 

! 

3.8 

19 j 

72 

3.9 

40 

178 

Ave 

3.4 

24 ! 

80 

4.2 

! IS 

77 





PILOCARPINE 


Dog 1 1 

Dog 2 

Volume j 

... j 

Pepsin 

concentration 

Pepsin output 

Volume 1 

Pepsin _ 
concentration 

Pepsin output 

1 

7.1 

74 

524 

4.0 

135 

542 


such as pilocarpine, is used. It may be inferred that this type of hormonal 
gastric secretory mechanism is not responsible for the substantial increase in 
pepsin output noted during a meal. Some evidence e.xists that histamine may 
be the gastric hormone (7). The present results peimit the assumption that 
as regards pepsin, histamine could be the humoral agent responsible for the 
type of secretion obtained by a presumably hoimonal mechani.sm. 

It is of interest to note that the type of humoral mechanism which ma 3 ' be 
presumed to operate during nonnal gastric secretion in re.sponsc to a meal, does 
not enuse a significant stimulation of pepsin secretion. Harper and Raper (8) 
have recenth' described a honnonal mechanism for the stimulation of pancreatic 
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enzymes. A Humoral mechanism for pepsin secretion has never been clearly 
demonstrated. 

SUMMARY AND CONCLUSIONS 

It is concluded a, that stimulation of gastric secretion In” a “hormonal” 
mechanism, such as lh”er e.vtract in the stomach, does not cause a pronounced 
stimulation of pepsin secretion, and 6, as regards pepsin, histamine could be the 
humoral or hormonal agent responsible for this type of secretion. 
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It has long been known that the composition of pancreatic secretion in response 
to secretin stimulation differs from that elicited by vagal excitation, the former 
producing a fluid of low enzjune content, the latter an enz 3 'me-rich juice. Agen- 
cies which cause the pancreas to secrete, other than vagus excitation induced bj' 
electrical stimulation or bj^ drugs, and secretin injection, include vasodilator 
substances and certain sj'mpathomimetic drugs (1). The composition of pan- 
creatic juice obtained in response to these last two stimuli has not been studied; 
therefore the experiments described below were performed in order to ascertain 
the possible mechanism wherebj^ the sympathomimetic amines which stimulate 
secretion exert their effect. 

Experijiekt-vl. Intact dogs were prepared in the usual manner for collec- 
tion of pancreatic juice under sodium pentobarbital anesthesia. The following 
materials were injected intravenoush’^ to elicit secretion, a. A standard secretin 
concentrate, SI, containing both secretin and pancreoz^miin. The amount used 
Avas 1 ingm. b. Prostigmine, Avhich stimulates the pancreas as a result of vagus 
activity (2) in 0.5 mgm. doses, c. Sodium nitrite, in a dosage of 4 to 60 mgm. 
d. Epinine, one of the SA-mpathomimetic amines AA’hich stimulates secretion, 
Avas giA'en in a dose of 1 mgm. 

Tavo injections of each ding A\-ere admini.stered ; the first seiwed to flush out 
the animal’s ducts and the cannula of the residual secretion from a preAuous 
stimulation, and this material AA*as discarded; the juice obtained from the second 
injection Avas collected, measured, and analj'zed for enz.vmes hy the methods 
described elscAA’liere (3). When animals eAudenced a spontaneous secretion 
before anj>- stimulant AA'as administered, this A\ns also collected and anah’-zed. 

Results. The enzjune anal.A'ses on the samples obtained in response to the 
A-arious stimuli roAnaled that prostigmine and sodium nitrite injections produced 
a secretion of high enzA’me content, resembling closeh* in composition the spon- 
taneous secretion; the prostigmine secretion m most cases eA'idenced the greatest 
enzAune concentration. Both SI and epinine evoked the production of a rela- 
tiA'elA’ enzyme-poor secretion. 

The detailed data are listed in table 1. It maA* be noted from this table that 
the indiAudual A*ariation in response to anj- giA’en stimulus is AA-ide, but that the 
responses to all stimuli deA’iate in the same direction in each animal ; and that 
an A' alteration in enzA-me concentration is manifested equallA' bA’ all three of the 
chief enzA’mes. The range of A’alues encountered and the aA’^erage responses are 
tabulated in table 2. 
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TABLE! 


Volume oulfut and enzyme content of -pancreatic secretion to various stimulants 






AMYLASE 

K = i loe 

LIPASE 

TRYPSIN 



DRUG INJECTED 

VOLUME 

,(cc. 0.S N XaOH) 

(MCM. XYEOSI.N-E) 

dog no. 

COLLECTION 

SECRETION 

1 

- \a-x/ 







Per cc. 

Total 

Per cc. 

Total 

Per cc. 

Total 

1 

1 

SI 

CC, 

3.0 

8.5 

25.5 

7.3 

21.9 

m 

4.2 


2 

Epinine 

2.0 

4.5 

9.0 

3.7 

7.4 

0.7 

1.4 


3 

Prostigmine 

0.3 

9.8 

2.9 

9.3 

2.8 

1.7 

0.5 

2 

1 i 

SI 

1.5 

5.5 

8.25 

4.4 

6.6 

i:i 

IB 


2 

Epinine 

2.1 

3.3 

6.9 

1.7 

3.6 

0.9 

mm 


3 

Prostigmine 

1 

2.9 

10.7 

31.0 

6.5 

18.9 

4.0 

11.6 

3 

1 

Spontaneous ' 

0.6 

10.3 

6.2 

7.4 

4.4 

m 

0.5 


2 

SI 

1.2 

9.7 

11.6 

5.2 

6.2 


0.7 


3 

Epinine 

1.4 

9.9 

13.9 

5.0 


0.6 



4 

Prostigmine 

0.4 

11.0 

4.4 

7.1 


0.9 



5 

NaNOi 

0.35 

11.3 

3.9 

7.4 


■0.95 



6 

SI 

1.8 

9.3 

16.7 

1 

4.6 


0.3 


4 

1 

NaNOj 

mm 

7.8 

5.8 

8.5 

6.4 

HI 

mm 


2 

SI 


3.6 

1.8 

6.5 

3.25 

m 



3 

Epinine 

mSm 

5.0 

2.5 

7.2 

3.6 


0.14 

! 

4 

Prostigmine 

0.3 

8.2 

2.2 

8.8 

2.4 

0.90 

0.24 

5 i 

1 

1 Epinine 

mm 

7.0 

3.5 

5.0 

2.5 

HI 

0.42 


2 

SI 


6.2 

i 4.9 

5.3 

, 4.2 

mm 

msm 


3 

Prostigmine 

0.5 

8.8 

4.4 

9.7 

4.9 

1.23 

mm 


4 

NaNOs 

0.4 

7.6 

3.0 

9.5 

3.8 

1.14 

m 

6 

1 

Spontaneous 

0.25 

12.6 

3.15 

4.9 

1.2 

mm 

0.34 


2 

Prostigmine 

2.0 

15.0 

30.0 

5.8 

11.6 


2.84 


3 

SI 

0.5 

3.0 

1.5 

3.0 

1.5 

HHl 

0.46 


4 

Epinine 

0.25 

3.6 

0.9 

3.3 

0.8 

0.96 

0.24 

1 

5 

NaNO: 

0.5 

7.5 

3.8 

4.8 

2.4 

1.11 

0.56 

7 

1 

SI 

mm 

12.1 

mm 


10.0 

m 

0.60 


2 

Prostigmine 

mSm 

13.7 


mm 

24.5 


1.65 


3 

Epinine 

0.5 

11.1 


10.9 

5.5 

mm 

0.35 


4 

NaNOs 

0.75 

12.0 

9.0 

11.0 

8.2 

0.70 

0.53 

8 

1 

Spontaneous 


6.6 


12.4 


Bl 



2 

Prostigmine 

0.75 

9.9 

7.4 

12.8 

9.6 

mmm 

0.90 


3 

1 SI 

0.5 

7.8 

3.9 

12.8 

6.4 

mmm 

0.62 

j 

4 

Epinine 


3.0 

1.5 

9.8 

4.9 

0.51 

0.26 

9 i 

1 

Spontaneous 


8.8 


14.8 


1.85 

1.22 

1 

2 

Prostigmine 

0.75 

8.7 

6.5 

13.8 

10.4 

1.62 


3 

SI 


8.1 

4.1 

9.8 

4.9 

0.92 

0.46 


4 

Epinine 

0.25 

8.1 

2.0 

9.2 

2.3 

0.50 

0.13 

10 

1 

Epinine 

0.5 


la 

5.6 

2.8 

0.20 

pH 


2 

SI 

1.0 

wgm 

IB 

7.4 

7 4 

0.48 



3 

NaXO: 

0,5 


7.0 

9.4 

4 7 

1.25 

mm 


4 

j Prostigmine 

1.0 

10.2 

16.2 

12.0 

12.0 

2.69 

2.69 


an 
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Discussion. It is evident from the data submitted that the pancreatic 
response to epinihe is, on the isasis of composition, indistinguishable from that 
elicited by SI, a secretin concentrate which contains both secretin and pan- 
creozymin, presumably in the proportion in which they co-exist in the duodenal 
mucosa. However, it should be emphasized that this cannot be constraed to 
indicate that a similar mechanism is involved in the two stimuli. Secretin 
stimulation is essentially unaffected b3’' atropine and is abolished bj’ ergotamine ; 
the reverse is true for the sj^mpathomimetic amines (1). It is also obvious that 
epinine cannot stimulate the pancreas hy way of the vagus, for although its 
effect is prevented hy atropinization, it jdelds a secretion of entirelj’- different 
composition than that elicited hy vagus excitation. Thus excluding the very 
remote possibility that the vagus contains separate fibers stimulating enzyme 
and fluid production bj' the pancreas which are unequallj" affected bj^ epinine, 
this nerve cannot be involved in this type of stimulation. 

The veiy marked similarity in the secretion obtained in response to prostig- 
mine and to sodium nitrite suggests the interesting possibility that the means 

TABLE 2 


Range and average responses in enzyme composiiion of pancreatic secretion in 10 dogs 


STimJLUS 

NO. OF 
DOGS 

AMYLASE 

LIPASE 

TR^T.CtS 



Avc . 

Low 

High 

Ave. 

Low 

High 

Ave. 

Spontaneous 

4 

6.6 

m 

9.6 

4.9 

14.8 

9.9 


1.85 

1.29 

Prostigmine 

10 

8.2 


11.2 

5.8 

16.3 

10.2 


4.00 

2.68 

Sodium nitrite 

6 

7.5 

14.0 

10.3 

4.8 

11.0 

8.4 


1.25 

1.00 

SI 

10 

3.0 

12.1 

7.6 

3.0 

13.3 

7.5 


1.40 

0.83 

Epinine 

10 

3.0 

11.1 

6.4 

1.7 

10.9 

6.2 



0.62 


b}’’ which vagus excitation brings about a secretion of the pancreas is partly 
through vasodilatation. An increase in size of the pancreas during vagus 
stimulation has been reported (4) which maj^ be due either to vasodilatation or 
to distention of the gland by juice which is secreted and dammed back bj' spasm 
of the ducts. 

Whether the sjonpathomimetic amines exert their effect on the pancreas bj' 
wa\^ of secretoiy elements in the splanchnic nerves is a possibility which remains 
to be examined, but appears to be remote. Since stimulation is effected b\' some 
drugs totalty devoid of vasoconstrictor action; since the effect is not decreased 
by ergotamine and is abolished b3* atropine; and since most s3Tnpathomimetic 
drugs inhibit the pancreas, it seems most likeh* that the S3'mpathetic nervous 
system is not implicated in this type of pancreatic secretion, and that the drugs 
which stimulate probabl3' do so b3' a direct effect on the acinar cells, in a manner 
similar to that of the secretin-pancreoz3'min combination existing in the SI 
preparation. Favoring such a \’iew is the marked similarity in composition 
of the secretion elicited b3' the two agents. 
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SUM^Ei.RY AXD CONCLUSIONS 

The pancreatic secretions obtained in response to stimulation prostigmine, 
sodium nitrate, epinine, and SI (secretin plus pancreozj’-min) have been studied 
for them en2ynie composition. Sodium nitrate and prostigmine were found to 
produce an enz3mie-rich secretion, epinine and secretin an enzjTne-poor one; 
all en^Tnes detennined were equalh' eftected bj’^ the various stimuli. The evi- 
dence is believed to indicate that sjonpathomiraetic amines which stimulate 
pancreatic secretion do not do so bj-^ way of the autonomic nervous S3’^stem. 
The similarity in the secretion obtained in response to cholinergic and vasodilator 
stimuli is presumptive evidence that the vagus exerts its effect on the pancreas 
b3’^ producing vasodilatation. 
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Since Mej-erhof (1) showed that the anaerobic accumulation of lactic acid by 
muscle Avas inhibited in the presence of oxygen, the relationship bettveen oxida- 
tion and glycoh’’sis has been studied for many tissues. Warburg and others (2) 
found that excised cerebral tissue tvas capable of forming lactic acid anaerobically 
and to a slight extent aerobicallj- . Later work disclosed aerobic glycolysis m 
vivo for the brain liberates small but significant amounts of lactic acid (3) and 
pyruvic acid (4) into the blood stream. 

Craig and Beecher (5) studied the aerobic and anaerobic metabolism in the 
cerebral cortex, medulla and cord in adult cats and found that the rates of oxida- 
tion and glycolysis both decreased as the neuraxis was descended from cerebral 
cortex to medulla and from medulla to cord although the decrease in glycolysis 
was more profound. Other obser\'ations have disclosed that the oxygen intake 
of excised cerebral tissues is slow in the newborn, with a rapid lise to a maximum 
comparatively early m life, succeeded thereafter b}' a small decline (6, 7). The 
rate of glycolysis was also found to be slower in the newborn than in the adult 
(8). In the present paper an attempt is made to estimate the calories obtain- 
able aerobically and anaerobically b\' the brain. 

IMethod. The brains of rats of various ages from birth to over 500 daj's were 
divided into two parts; 1, the gray cerebral cortex and 2, all of the brain stem 
excluding the striatum. Using these parts in litter-mates, we determined the 
oxygen intake of 100 mgm. of tissue in the Warburg respirometer for 45 minutes 
in a medium of phosphate-buffered saline at pH 7.3 with glucose as a substrate. 
The lactic acid production of 200 mgm. of tissue was measured in terms of the 
carbon dioxide displaced in 45 minutes from a Ringer-bicarbonate medium in 
an atmosphere of 5 per cent carbon dioxide and 95 per cent nitrogen. All of 
these experiments Avere carried out AAith absolutely uniform techniques and 
Avith special care as to the timing of the A'arious steps of the procedures to insure 
comparable results. Oxidation readings were commenced in each instance 25 
minutes after decapitation and glycolysis readings 35 minutes after decapita- 
tion. Each point determined represented an aA'crage of three to six observa- 
tions. The manometric measurement of glycolysis was compared AAith the 
chemical determination of lactic acid production by the colorimetric method of 
Barker and Summerson (9) and it AA'as found that they varied together, the 
Barker and Summerson method giAing slightly loAver A'alues. 
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In order to compare the energj’- foraied aerobically Avith that elaborated an- 
aerobicallj>^, the oxj’-gen intake and the carbon dioxide displacement respectively 
as measured in the manometer Avere calculated in tenns of the calories per hour 
per 100 mgm. of tissue. The utilization of 100 cmm. oxygen may produce 0.5 
calorie; 100 cmm. of carbon dioxide are displaced by the formation of 0.4 
mgm. of lactic acid, the equivalent of 0.128 calorie (10) . These A'^alues n^ere used 
for the calculations of the aerobic and anaerobic productions of energj’- respec- 
tiA’ely. Because the metabolism of tissues decreases steadily after excision, the 
rates of energj' formation are imdoubtedlj' faster immediatelj' after sacrifice 
than at the time the readings AA’ere made. Also the rate of anaerobic energy 
production is someAvhat higher in its relation to the aerobic than indicated in the 
present observations since, starting AAdth the time of decapitation, glj'colj'sis 
readings Avere begun 10 minutes later than oxidation measurement. Though the 
exact quantitath'e relationship majq therefore, be somewhat erroneous, neA'er- 
theless the relative changes are on the whole correct. 

Results. The results for the tAvo parts of the brain, 1, the cerebral graj*, and 
2, the brain stem exclusive of the corpus striatum, for the caloric production of 
oxidation and bj' glycolj'sis for rats of different ages are presented in the graph. 
CurA'es AA’ere draAATi bj' inspection . Starting from a Ioav leA'el at birth, the aerobic 
energj' rises to a maximum at about 6 to 8 AA'eeks in the cortex, then falls rapidly 
until about the 13th Aveek after AA’hich the decrease is not significant. In the 
brain stem the maximum is reached some time betAA'een the 4th and 7th AA-eeks. 
The rate then decreases sharplj' until about the 15th AA-eek and then more 
gradually to old age. Glycolj'sis of the cerebral cortex accelerates greatlj' until 
about the 5th AA’eek and then more sIoaa'Ij' for about 3 months. After this time 
it appears to decline slightlj'. The rate of glj'colj'sis of the brain stem rises to 
a maximum at about 3 AA'eeks and then decreases, precipitouslj' at first, and then 
not so noticeablj' to old age. 

Discussion. The A'alues for the oxidations and glj'colj'sis of the cerebral 
hemispheres and brain stem are presented in graphic form (fig. 1). The average 
of each set of observations is represented on the graph in terms of the age of the 
rat and the number of calories calculated to be produced bj' 100 mgm. of the 
rat’s excised brain tissue, cortex or stem as the case may be. Cuiwes have been 
draAA'n through the points of inspection. Cuiwes A and B trace the aerobic 
energj' production of the cortex and brain stem from birth to OA'er 500 daj's; 
curA'es C and D, their anaerobic energj' production for the same period. CurA'es 
A and B, therefore, represent the calories produced aerobicallj', or the caloric 
requirement of the excised tissue; the cur\'es C and D, the energj' elaborated by 
these excised tissues during anoxia. The differences betAA'een curA'es C and A 
for the cortex and D and B for the stem shoAv the caloric deficit AA'hich AA'ould 
arise in these parts during anoxia, i.e., the difference betAA'een the caloric require- 
ments of the tissues and the number of calories AA'hich can be proA'ided anaerobic- 
allj'. The magnitude of the deficit indicates the rate at AA'hich the A'arious 
cerebral areas are depriA'ed of their full quota of energj'. It is obA'ious that as 
the caloric deficit piles up, life becomes impossible during anaerobiosis. Tiie 
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difference between the anaerobic and aerobic production, i.e., the deficit, is 
veiy low at birth. It rises rapidly thereafter, and although it is already large 
at three weeks, the peak is at approximately the 7th or 8th week, when it appears 
to be somewhat higher than at any succeeding age. An estimate of the actual 
rate at which the deficit mounts in earl}’- life is made bj' selecting three arbitrary' 
points in the cuiwe of the figure at 5 days, 50 days and 1 year, as listed in the 
table. The deficit in energy" production during glycolysis has been calculated 



Fig. 1. A and B represent the aerobic energy production of the cerebral cortex and brain 
stem respectively; C and D, the anaerobic energy production of these same parts so that 
the difference between A and C and B and D indicate the anoxic caloric deficit in the upper 
and lower portions of the brain. 

from these figures by substracting the values in curve C from those in A, and 
in D from those in B. 

There is a decided increase in the deficit of both the cortex and the brain stem 
from 5 to 50 days and a noticeable decrease in the deficit in the stem after 50 
days, although the decrease in the deficit in the cortex after 50 da 3 ’-s is smaller 
and may not be significant. Probabb' for the brain as a whole the deficit would 
be somewhat less in old age than at 50 da\-s. It is important to note that the 
cerebral cortex possesses a lower energy- metabolism than the brain stem at 5 
daj's and that the relative metabolic positions of these two parts are reversed 
,b 3 ' the 50th da\'. 
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At present we Imow of oloservations which maj- be explained b}" these results, 
ISiewbom rats may survive for an hour in an atmosphere of undiluted nitrogen 
(11), but the duration of survival becomes rapidly shortened and within 17 daj's 
almost reaches the short adult anaerobic survival period of approximately 2 
minutes. The energy" deficit of the newborn is much smaller than at any other 
time of postnatal life. Since the brain is the organ most sensitive to anoxia, the 
greater'sensithdty of the adult can be seen chieflj’’ to reside in the more rapid 
building up of this debt. The increasing energj’’ debt duiing the first days of life 
accounts for the progressive curtailment of the anaerobic survival period. More 
specifically the maintenance of the vital activities depends on the medullary 
centers and the deficit in the adult brain, containing the medulla, is much greater 
than in the infant, accounting in part for the fact that the latter can continue to 
make respiratoiy movements so much longer in imdiluted nitrogen . In the adult 
a larger deficit resides in the cerebral hemispheres than in the brain stem and 
perhaps this phenomenon is chief!}' responsible for the greater susceptibility of 

TABLE 1 


Calories per 100 mgm. tissue per hour 


AGE 

OXIDATIOK j 

CLVCOI.VSXS j 

DEnCIT ' 


Brain stem 

B 

Cerebral cortex i 
C j 

Brain stem 

D 

Cerebral cortex 
A-C 

Brain stem 
B-D 

days 







5 

0.37 

0.48 

0.08 

0.11 

0.29 

0.37 

50 

i.is ! 

0.99 

0.26 

0.18 

0.92 

0 , 8 i 

365 

1.08 1 

0.68 j 

0.23 

0.11 

0.85 

0.57 


the rostral than the caudad portions of the adult neuraxis to anoxia or hypo- 
glycemia (12, 13, 14, 15, 16, 17, 18). In contrast the data on the brain of the 
five-day-old infants suggest that on deprivation of energ}’^ the first injuiy occurs 
in the brain stem and that only after respiratoiy failure do the cephalad regions 
succumb. 


SUMMARY 

The rates of energ}- production, aerobic and anaerobic, of the cerebral cortex 
and the brain stem of rats ranging in age from newborn to 516 days were deter- 
mined. The rates were found to increase rapidly in the first few Aveeks of life 
and then to show some decrease to old age. The difference between the aerobic 
and anaerobic energ}’ production for each, the energ}' deficit sustained b}'’ the 
brain during anaerobiosis, is regarded as a factor determining the anaerobic 
sun'ival period. This energ}’^ deficit indicates the rate at which the A'arious parts 
of the brain are deprived of their full quotas of energA^. The magnitude of the 
caloric deficit is correlated A\'ith 1, the tolerance of the infant to anoxia, and 2, 
the greater sensitiA'ity of the rostral than other portions of the adult brain; 
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In studies of peripheral circulatory reactions, it is desirable to measure the 
peripheral resistance from time to time. It is also important to know what part 
changes in aortic pressure, in effective \iscosity and in vasomotor acthit}’’ have 
played in causing the observed alterations in peripheral resistance and blood 
flow. In this paper, the term vasomotor activity is used to designate the 
sumniated effects of vasomotor ner\'e acti^^t3' and of circulating constrictor and 
dilator substances. 

fn experiments on the peripheral cnculation in shock we measured the blood 
flow actually occurring in the tissues from time to time when they were recebdng 
blood in the normal manner from the aorta. From these measurements we 
intended to appraise the alterations in vasomotor activity responsible for the 
observed changes. It shorth-- became apparent, however, that in experiments 
in which the mean aortic pressure was constant^- changing, one could not assume 
that a proportional relationship existed between perfusion and blood flow in the 
absence of change of ^'asomotor activity. It therefore became necessaiy to 
detennine under conditions of constant vasomotor acti\dty what the influence 
of aortic pressure alone was. These requirements necessitated a studj-’ of the 
pressure-flow relationships under conditions corresponding to those used in the 
shock studj'. Two essentialh* different gi'oups of studies were carried out, one 
in which arterial inflow was measured, and a second group in which venous out- 
flow was measured. Both gi-oups of studies will be reported in this paper. 

The influences of perfusion pressure and of blood concentration and viscosity 
on flow in the isolated extremity' of the dog have been anaty'zed in two pre^^ous 
papers, — one by Vfliittaker and Winton in 1938 (1), and one bj' Pappenheimer 
and Maes in 1942 (2, 3). Both gi'oups of investigators measured the outflow 
while perfusing the extremities bj^ means of an artificial sj-^stem with blood and 
with saline solutions. The latter also studied the influence of epinephrine and of 
sciatic nerve block. Our re.sults differ considerablj-^ from the former, but agi'ee 
in part with the latter study. Our interpretations, however, differ considcrablj'^ 
from both. 

’ Supported by .n gmnt from the Commonwealth Fund. 

- Prehmin.'irj' reports of this work have been presented in Fed. Proc. 1: 32, 1942; Proc. 
Soc. Exper. Biol, and Med. 53: 228, 1943. 
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jMethods. The relationship between perfusion pressure and blood flow was studied by 
measuring the blood flow through various vascular beds in situ while perfusing them at a 
series of pressures from approximately zero to mean aortic pressure or above. This was 
done, a, while the region was in a control state; 6, during periods of heightened vasomotor 
acti\nty occurring spontaneouslj’’ and induced by hemorrhage, and c, during periods of 
lessened vasomotor activity induced by section of the vasomotor nerves to the region. 
These perfusions were carried out in 63 vascular beds in 45 dogs anesthetized with morphine 
alone, or with morphine plus sodium barbital, sodium pentobarbital or chloralosane. The 
doses used were the same as those given in a pre\dous paper (4) . In each experiment, after 
completion of dissections and before beginning perfusion, the animal was given heparin® 
intravenously to prevent clotting. Two different groups of studies were carried out 
on these dogs; 

1. Arlerial infloxo studies. In one group arterial inflow was recorded while the vascular 
bed was perfused from a reservoir by way of its cognate artery (5) . Three types of vascular 
beds were so studied. 1. The first of these was the vascular bed of the skin of the medial 
surface of the lower part of the thigh and the leg and the dorso-medial aspect of the foot. 
The saphenous artery, which is the cognate artery for this vascular bed, was perfused by 
way of a cannula inserted into the central stump of the left femoral artery distal to the 
saphenous branch, while the femoral artery was occluded centrallj' by a clamp. 2. The 
second of these was the vascular bed of that portion of the quadriceps supplied by the 
branches from the proximal two-thirds of the femoral arterj'. This segment of the left 
femoral arteiy, which will be called the cognate artery for this vascular bed, was perfused 
by way of a cannula inserted into the stump of the left inferior epigastric artery, while the 
femoral artery was occluded by two clamps placed at the level of the inguinal ligament and 
just proximal to the saphenous branch. This vascular bed, and the preceding cutaneous 
vascular bed, were frequently perfused simultaneously. S. The third vascular bed studied 
was that of the gastrocnemius and soleus muscles. The cognate artery for this vascular 
bed was a branch of the left popliteal artery which gave off several side branches to the 
gastrocnemius and soleus muscles. This vessel was perfused by a cannula inserted in one 
of its terminal branches while the artery was occluded by a clamp at its point of origin from 
the popliteal arterj-. 

In order to be sure that the measured inflow at all times indicated the correct flow through 
the vascular bed, all adjacent collateral vascular beds were simultaneously perfused at the 
same pressure. This was accomplished in the same manner for all of the above vascular 
beds. In each, the aorta was occluded by a clamp applied just below the renal arteries and 
the dist.al portion perfused at the same pressure as the cognate artery by way of a cannula 
inserted in the central stump of the right femoral artery. 

On each vascular bed, one or more sets of simultaneous measurements of blood flow and 
perfusion pressure were made at a series of pressures from approximate! j’’ zero to mean aortic 
pressure or higher. Perfusion was maintained at each pressure for 5 to 20 seconds. Be- 
tween each 20 second perfusion period the vessels were connected with the aorta by releasing 
the above mentioned clamps. One to two minutes elapsed between each 20 second per- 
fusion. Approximately 20 minutes were required for the complete set of determinations. 
Perfusion pressure was varied by altering the pressure on the surface of the blood in the 
reservoir. The reservoir held only enough blood for two or three 20 second perfusions. 
Frequent filling plus gentle agitation prevented settling of the blood. In order to check on 
the amount of settling that might have occurred, hematocrit readings were made on the 
reservoir blood at the end of each set of determinations. They never differed from the 
animal’s blood by more than -f2 to —4 cell volume per cent, and usually they were within 


®Tho heparin used was Liquaemin which was kindly supplied by Roche Organon, Inc., 
Xutley. X'. J. -Approximately 0.3 ml./kgm. was given initially followed by 0.1 ml./kgm./ 
half-hour thereafter. 
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0 to —1 cell volume per cent. In many experiments the entire apparatus was surrounded 
bj'- a constant temperature air bath. This was not done in all experiments, however, since 
the small shifts of temperature of the blood in the reservoir were found to have very little 
influence on the rate of flow. Blood flow was recorded continuously throughout the per- 
fusion period by an orifice and optical differential manometer (6, 7), and perfusion pressure 
by suitable optical pressure manometers (8) with a photokymograph. The orifice meter 
was carefully calibrated immediately preceding and following each set of pressure flow 
determinations using the same blood and calibrating at several rates of flow from the 
minimum to the maximum recorded in the experiment. 

2. Venous outflow studies. In a second group of e.xperiments, venous outflow was re- 
corded from the vascular bed of the distal part of the whole hind extremity. This region 
was mechanically isolated by two wire ligatures applied appro.\imately at the junction of 
the middle and lower thirds of the thigh so as to compress tightly all structures except the 
femoral artery and vein and the saphenous and sciatic nerves. Blood flow through the 
vascular bed was recorded by collecting for 30 seconds to one minute the outflow from the 
femoral vein. This was accomplished by way of a cannula inserted into the central stump 
of the saphenous vein while the femoral vein was occluded proximally to the branch, the tip 
of the outflow tube being placed at the zero pressure level of the femoral vein. In two of 
these experiments the femoral arterj' w'as perfused from a reservoir as above. In the 
remainder, the vascular bed was at all times supplied directly from the aorta and the various 
heads of pressure, recorded bj* an Hg manometer, were obtained by suitable compression of 
the femoral arterj- at the level of the wire ligatures b}' a special clamp. In the latter e,xperi- 
ments, perfusion was maintained at each pressure for 1 to 2 minutes before measuring flow. 
The clamp was released after each measurement. Thirty to fort}' minutes were required 
for a complete .set of determinations. 

Additional details on the above methods are given in a previous paper (5). ■ In each e.x- 
periment the viscosity of the blood was measured at frequent interr'als and at several rates 
of flow with a viscosimeter of 0.3 mm. bore (9, 8). Perfusion pressure will be expressed in 
terms of the arterio-venous difference of pressure. In most of the e.xperiments the pressure 
in the femoral vein was 4 to 0 mm. Hg. 

Technical complications encountered in these e.xperiments included: change in hemato- 
crit reading and viscosity from time to time, exchange of blood between the cognate aiid 
collateral vascular beds (.5), and the occurrence of spontaneous rhythmic changes in vascu- 
lar tonus. In most of the experiments the rate of flow remained constant throughout the 
perfusion period. In a few, however, flow either increased or decreased during the first few 
seconds of perfusion at each pressure before becoming stable. Only those e.xperiments in 
wliich the viscosity remained within ±4 per cent of the control reading and the hematocrit 
remained within -{-2 to —6 cell volume per cent of the control reading, and in which 
collateral exchange of blood was controlled, will be analyzed. 

Results. .4 . Mean blood flow. Blood flows at initial mean arterial pres.sure.s 
in a number of experiment.s are reproduced in table 1. Tliese figure.? are .some- 
what smaller than the rate of 10 to 15 ml./min./lOO grams which H. C. Wiggers 
(10) found for the liody a.s a whole, but they are quite close to the value of .3.9 
ml./min./lOO grams which Barcroft and Edholm (11) observed in the fore-arm 
in man. Compari.son of the second and third rows .suggest.? that under tlie 
conditions of these experiments the blood flow in tlie skin of the distal half of 
the hind leg is a sizable proportion of the total flow in this part of the extremity. 

Subcutaneous temperature was recorded in the perfu.sed area with a Leed.s 
and Northrup micromax u.sing iron-con.stantin needle electrodes (4). The 
difference lietween the subcutaneous and air temperatures expre.ssed as per cent 
of the difference between rectal and air temperatures correlated quite well with 
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the flow per 100 gi-ams of extremity. This is illustrated in table 1 and in the 
data given in the legends to the various figures. 

B. RclatiomMp hclioccn pcrfusiori press^irc and hlood flow in skin. Satisfactoiy 
data on the relationship between perfusion pressure and blood flow through the 
vascular bod of the skin of the medial surface of the lower thigh, the leg and the 
foot, supplied hy the saphenous branch of the femoral artery, were obtained in 
14 dogs. Tlie results were essentiallj’- the same in all experiments. Those from 
typical ex]3eriments are reproduced in figures 1 and 2. 

C. Relationship hciween peiiusion pressure and blood flow in muscle. The 
relationship between perfusion pressure and blood flow through the vascular 
bed of the quadriceps muscle supplied by muscular branches of the femoral 
artery between the inguinal ligament and the saphenous branch was studied in 
nine satisfactoiy experiments. Studies were made on the vascular beds of the 
gastrocnemius and soleus muscles in seven experiments. The results in the 

TABLE 1 


IKTnAt, BtOOD rtOWS, MEAN ART. TRESS., AND CDT. TEMPS. 


1 

REGION j 

NO. 

DOGS 

Blood flow in 
ml./min./lOO gm.* 

Mean 

arterial press. 

i 





Max. 

Min. 

Av. 

Max. 

.Min. 

Av. 

Max. 

Min. 

Av, 

Quadriceps muscle — 

10 

13 

3.0 

6.9 

159 

68 

123 




Distal portion of hind 











leg (wire ligature)... 

10 1 

5.6 

1.7 

3.2 

165 

72 

107 

80 

15 

60 

Skin supplied by sa- 











phenous brnneh of 










i 

femoral arterj* 

11 

4.3 

0.4 

1.6 

159 

100 

lOS 

60 

i 

25 

■40 


* In the case of the skin supplied by the saphenous artery the flows are e.vpressed in 
terms of the flow per 100 grams of extremity distal to the origin of the saphenous branch, 
t CT = subcutaneous temperature; RcT = rectal temperature; AT = air temperature. 


latter were, however, less satisfactorx'- because of the difficult}* in preventing 
exchange of blood by way of the prominent anastomotic communications with 
the collateral vascular beds. The relationsliip between pres.sure and flow in 
most of the experiments on muscle was similar to that for skin. However, in 
two experiments on the quadriceps muscle the relationship of pres.sure to flow 
had the characteristics sho\vn in figure 3. 

D. Relationship between perfusion pressure and blood flow in the distal portion 
of the hind- extremity isolated by wire ligatures. Satisfactory studies were made in 
13 extremities in 9 dogs of the relationship between perfusion pressure and blood 
flow through the vascular beds of the lower third of the thigh, the leg and the 
foot. In the two experiments in which the femoral arteiy was perfused from a 
reservoir the results were e.s.sentially the same. Tho.se from one of the experi- 
ments arc reproduced in figure 4. In the remaining 11 areas the different heads 
of pressure were obtained by jDartial compression of the femoral arter}*. In 
these, flow was not measured until after perfusion had been maintained for 1 to 
2 minutes. The rcsiilts were, in all cases, similar to tho.so reproduced in figure 5. 
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Discussion. I. Critique of the work of other investigators. In recent years 
two other studies of the relationship of perfusion pressure to flow in the hind 
limb of the dog have been made. The first of these was done by Whittaker and 



Fig. 1. Plot of relationship between perfusion pressure and blood flow through the skin 
supplied by the saphenous artery, in the hind leg of a dog in which vasomotor activity re- 
mained practically constant at a high level. Dog weight, 19kgm. Anesthesia, morphine 2 
mgm./kgm. and chloralosane, 50 mgm./kgm. Arterial inflow recorded, perfusion from a 
reservoir. Solid triangles A — data obtained between 4:30 and 4:47 p.m.; solid circles 
• — data obtained between 10:35 and 10:50 p.m.; solid squares ■ — data obtained between 
12:50 and 1:05 a.m. Hollow sjunbols indicate level of animal’s mean arterial pressure. 
Temperatures of perfused area of skin in the three periods were respectively 30.1, 29.5 and 
30.2°C, These were higher than the air temperature by 27, 28 and, 23 per cent of the differ- 
ence between air and rectal temperatures. Hematocrit readings of the dog’s blood were 

respectively 51.8, 51.0, 46.2 per cent. Solid line is plot of equation F 


( p \S.J#5 


Dashed line = loci of pressure — flow determinations which would yield a peripheral resis- 
tance of 20 PRU ( 1 PRU = - — V For significance of shaded area see text p. 532. 

\ 1 ml/min./ 

Ordinate scale = perfusion pressure in millimeters Hg, e.xpressed as the difference in pres- 
sure between arterial and venous pressures. Abscissal scale = blood flow in ml./min. 

Fig. 2. Plots of the relationship between perfusion pressure and blood flow* through the 
skin supplied by the saphenous artery in the hind leg of dog in which a spontaneous pro- 
gressive increase in vasomotor activitj' occurred. Dog weight, 20 kgm. Anesthesia 
morphine 2 mgm./kgm and sodium barbital 125 mgm./kgm. Arterial inflow measured, 
perfusion from a resen'oir. A — triangles A — control — 3:23 to 3:38 p.m., B — circles O 
9:17 to 9:40 p.m., C — squares O — 11:55 p.m. to 12:20 a.m. Temperatures of perfused area 
of skin were respectively 34.6, 32.6 and 31.7°C. These were higher than the air temperature 
by 45, 30 and 20 per cent of the difference between air and rectal temperature. Hematocrit 
readings were respectivelj* 54.8, 53.7 and 52.8. MP — level of mean arterial pressure. For 
other lettering see figure 1 and te.vt page 532. 


Winton (1) on the isolated limb perfused with defibrinated blood. ^ Besides being 
denervated, this preparation also differed from ours in that it was necessary for 
them to allow 2 and preferably 3 hours to elapse during ivhich the limb was 
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perfused ivith the defibrinated blood in order to allow the limb to accommodate 
itself to the conditions of artificial perfusion before beginning measurements. 
Their study was primarily concerned with determining the effect of the per cent 
of red cell composition on the apparent viscosity of the blood; and, vith the 
exception of noting that the blood flows ranged from 80 to 400 ml./min. at 100 
mm. Pig perfusion pressure in the different preparations, they made no attempt 
to study the effects of change of vascular tonus. 

Whittaker and Winton’s results differ from ours chieflj'- in the fact that their 
pressure-flow data plot on straight lines intercepting the pressure axis at around 
10 to 20 mm. Hg when using a normal percentage red cell composition, and in 



Fig. 3. Plots of relationship between perfusion pressure and blood flow in the portion of 
the quadriceps muscle supplied by the branches of the femoral artery between the inferior 
epigastric and saphenous branches. Same animal as figure 1. Plots A and A' recorded 
simultaneously with plots indicated by triangles and plots B and 5' recorded simultaneously 
with data indicated by squares in figure 1. A' and B ' — dashed lines— flow during first 2 
seconds of perfusion at each pressure; A andB — solid lines stabilized flows after main- 
tenance of perfusion pressure for 10 to 20 seconds. Arrows — change of flow with time at 
each perfusion pressure. Note: For technical reasons, a 5 to 6 second interval of complete 
ischemia immediately preceded each 20 second perfusion period. For other lettering see 
figure 1. 

the very liigh rates of flow which the.y obtained in their preparations. They do 
not give data on the mass of tissue perfused. According to our own measure- 
ments, the hind legs .of their 8 to 10 kgm. dogs would weigh approximately 700 
grams. This would give flows of 11 to 58 ml./lOO gm./min. or far in excess of 
those which we obtained and far gieater than those for the bodj' as a whole. 
We believe that these excessive rates of flow were due to vascular dilatation induced 
in part by the 0.1 per cent chloral h 3 ’drate in their perfu-sion fluid. In addition 
they made no attempt to ligate the cut ends of the collateral arteries supphing 
the hind leg, beliering that these had minimal connections with the femoral 
artery which was perfused. Studies reported previousbv (5) show, however, 
that the flow between cognate and collateral arteries across precapillary anasto- 
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motic channels maj' amount to far more than the flow through the cognate 
capillaiy bed when the pressure in the distal stump end of the severed collateral 
arteries is dropped to zero, as was the case in their expeiiments. It seems 
possible that the vasodilatation plus the occurrence of flow across the precapillary 



Fig. 4. Plots of perfusion pressure and blood flow through the portion of the hind leg 
supplied by the femoral arterj' distal to the saphenous branch. Dog weight 15 kgm., 
anesthesia, morphine 5 mgm./bgm. This region was mechanically isolated from the re- 
mainder of the bod}' by two tight wire ligatures placed at about the level of the saphenous 
branch. Perfusion from a reservoir. Points labeled A (circles) were the rates of arterial 
inflow during the first 5 seconds of perfusion at each pressure; points labeled B (triangles) 
were the rates of inflow at about 45 seconds to 1 minute after starting perfusion and points 
labeled C (squares) were the inflows at the end of If to 2 minutes of perfusion. The arrows 
indicate the progressive change of flow with time at each perfusion pressure. Duration of 
registration — 2:27 to 3:00 p.m. Hematocrit 59 per cent. Other lettering as in figure 1. 

Fig. 5. Plots of the relationship between perfusion pressure and blood flow in a vascular 
bed similar to that used for figure 4. Dog weight 14.5 kgm., anesthesia — morphine 8.2 
mgm./kgm. Perfusion from the aorta, perfusion pressure controlled by variable compres- 
sion of the femoral arter}\ A — triangles — control (1 :00 to 1 :40 B — circles — after an 

increase in vasomotor activity induced as a part of temperature regulatorj' reactions (see 
reference (4)) (4:00 to 4:50 p.m.); X’s — after a hemorrhage equal to 23 ml./kgm. (9:30 to 
10:00 p.m.); C — squares — after reduction of vasomotor activitj* by sectioning the sciatic 
nenm at mid-thigh (11:30 p.m. to 12:10a'.m.). Prior to the nerve section the blood had been 
reinfused and the plot of pressure vs. flow had returned to the position indicated by plot -4 
(11:00 to 11:20 p.m.). Hollow symbol = determinations at mean arterial pressure, solid 
symbols — determinations at reduced pressures obtained by partial compression of the 
femoral arterj'. Hematocrit readings for plots A,B,X and C were respectively: 62.5, 61.5, 

55.4 and 60.0. Cutaneous temperatures in paw of perfused leg were respectively: 35 , 
34.5, 30 and 36.3®C ; these were greater than the air temperature by 81, 68, 37 and 86 per cent 
of the difference between rectal and air temperatures. The rectal' temperature rose from 

37.5 to 38.8 between the first and second set of determinations. For other lettering see 
figure 1. 

ana.stomotic channels may have been re.sponsible in part for the occurrence of 
plots which approach a straight line. In addition, they used only very limited 
ranges of pres.sure (40 through 88; 60 through 120) which prowde, tve believe, 
insufficient data upon which to make the claim that there is a linear relation.ship 
lietween perfusion pressure and blood flow. 
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The second perfusion study was carried out bj'- Pappenheimer and jN'Iaes (3) 
on innervated hind limbs of dogs perfused vith defibrinated blood. Their 
preparation differed from ours in that at no time did the leg receive blood from 
the animal, but onl}" blood recirculated through a lung-pump circuit. Thej' also 
studied only the whole hind limb, whereas we perfused isolated muscle and sldn 
in addition to the whole hind limb. In addition, we extended our range of 
perfusion pressures over a wider range than thej’" used, particularly at the lower 
ranges. In their studies they compared the rates of flow of a saline solution 
with those of blood and observed the effects of nerve block by cooling the sciatic 
nerve and the effects of various concentrations of epinephrine. 

Pappenheimer and INIaes found that the plots of perfusion pressure vs. flow 
for saline solutions were linear and .since they extrapolated back to the origin, 
it may be concluded that a proportional relationship existed between perfusion 
pressure and flow. Ilflien studring blood flow, however, the}’’ found that with 
increasing perfusion pressure the blood flow was augmented proportionalh' faster 
than the pressure until rates of flow of 20 to 40 ml./min. (20 to 140 mm. Hg 
pressure) were reached. As a result, the plots were convex towards the pressure 
axis. Above these rates of flow the plots became approximately linear. When 
the “straight line” portions of the plots were extrapolated back to zero floiv, 
however, the}'’ intercepted the axis at pressures of 10 to 80 mm. Hg; thus, while 
the plots were apparently linear, the}' did not indicate a proportional relationship 
between perfusion pressure and blood flow even at high perfusion pressures and 
rates of flow. 

It is not possible to gauge exactlj' rvhat their rates of flow per mass of tissue 
were, but according to their observation that the total weight of the perfused 
portion of the extremity in a ‘‘typical preparation” was 351 grams, the rates of 
flow at iierfusion pressures approximating normal mean arterial pressures with 
the nerve not blocked would lie: for a perfusion pressure of 100 — from 5.7 to 
57 ml./min./lOO grams tissue; and for a perfusion pressure of 150 mm. Hg — 
from 11.3 to 95 ml./min./lOO grams of tissue. The last figure was obtained 
by extrapolation of their data and is admittedly inaccurate, but was necessitated 
b.y the fact that in this experiment the maximum perfusion pressure used was 
only 70 mm. Hg. 

The extremely high rates of flow in comparison with our figures and those of 
Barcroft and Edholm (11) .sugge.st that again in Pappenheimer and IMaes’ stud.y 
the vascular beds were abnormally dilated or else that ours were abnormally 
constricted. We believe that the former is the true state of affairs and that a 
possible cause of this might be the absence from their perfasion fluid of some 
chemical .sulrstance present in normally circulating blood which serves a purpose 
of maintaining the tonus of the blood vessels and that in the absence of this 
.substance the vessels become abnormally dilated. It might be argued that, in 
those of our e>qieriments in which the blood was withdrawn and placed in a 
reservoir prior to perfusion, a constrictor substance was formed. However, 
such argument cannot be used for those experiments in which flow wa.s measured 
by collection of the venous outflow while the vascular bed was perfused directly 
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from the aorta and in these experiments the rates of flow ranged onlj'- from 1,7 
to 5.6 ml./min./lOO gi-ams of extremity. 

If we accept that the vascular beds studied by Pappenheimer and Maes were 
abnoiTOally dilated then we ma}’- hamonize their experimental results vith ours 
since at maximal dilatation we approached “a straight line relationship” between 
flow and perfusion pressure and since under conditions which we would regard 
as normal, that is in their “constricted” extremities, their data may be plotted 
on parabolic curves. 

II. Physical factors influencing blood flow; pressure-flow relationship during 
states of constant vascular tonus. The regular increase in the increments of flow 
per increment of perfusion pressure in figure 1, in plots A, B and C in figure 2, 



Fig. G. Log-log plots of the data reproduced in figure 2. Ordinate scale— perfusion 
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Fig. 7. Log-log plot of data from an experiment on blood flow in the hind leg of a dog, 
reported by Pappenheimer and Maes. This Journal 137 : 187, 1942. A, B, C and D — plots 
at progressively increasing vascular tonus induced by epinephrine. Ordinate scale — per- 
fusion pressure in millimeters Hg, abscissal scale — blood flow in millimeters per minute. 
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in plots A' and B' in figure 3, and plot A in figure 4 suggests that the relationship 
between flow and pressure maj" be represented by a relatively simple family of 
equations. This is confirmed bj’^ plots of the data on log-log paper. Such plots 
were made on 6 of the ex'periments in which a regular relation.ship between 
pressure and flow were observed and in each case the data could be approximated 


by the equation F 




here F = flow in milliliters per minute, P — arterio- 


venous difference of pressure, C — a constant and 7i = an e.xponent greater than 
1 . The data for figure 2 are replotted on log-log paper in figure G. In figure 7 
we liavc replotted on log-log paper the data from one of Pappenheimer and i\'Iaes’ 
(3) experiments on the hind limb of the dog. Over the range of floors which they 
studied, their data also plot as a series of straight lines with a slope less than 1/1 - 
Three po.ssible explanations maj’' be offered for the parabolic character of the 
plots relating perfusion pressure and flow: 
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(1) Poiseiiille’s law (12) for laminar flow of homogeneous liquids through 
tubes states that 

Q = 

where Q is the volumetric rate of flow in milliliters per minute, P is the difference 
in pressure between the two ends of the tube in grams per centimeter, R is the 

radius of the tube in centimeters and K = 5^, where /i is the absolute wscosity 

of the liquid in gram seconds per squaie centimeter, and L is the length of the 
tube in centimeters. If the radii of the blood vessels which provide the principal 
frictional j-esistance to the flow of the blood should increase with rising internal 
pressure then the volumetric rate of flow would be a function of P", where n is 
greater than 1 and might approach a value of 5. 

The observations of Wliitaker and Winton (1) and of Pappenheimer and Maes 
(3) that the flow of saline through the hind leg is very nearly proportional to P^ 
appear to deny the possibility that the blood vessels which offer the principal 
resistance to flow aie dilatecl with increase of perfusion pressure. However, one 
can argue that in their saline experiments the normal mechanical distention of 
the vessels with rising perfusion pressure Avas prevented at high perfusion pres- 
sures by the eleA'^ation in extravascular pressure Avhich A\muld result from the 
increase in tissue fluid and tension in the absence of the osmotic pressure normally 
provided in the plasma proteins. It should also be noted that Fleish (13) in an 
earlier study obsei'A’-ed a parabolic relationship between perfusion pressure and 
saline Aoaa' in the fresh, suiviving rabbit kidney. He also found that Avhile a 
linear relationship might be found betAA*een .saline floAv and perfusion pressure in 
the hind legs of the frog, the plot of fioAV vs. pressure Avas changed to a parabola 
by the addition of a small amount of adrenalin. 

(2) Since blood is a non-homogeneous liquid, the effective viscosity may be 
exqjected to become progressively less Avith increasing heads of pressure (and 
A-elocity of Aoaa-) (14, 15, 1), on account of the red cells becoming gi-ouped more 
or le.ss as a solid rod in the (xjntcr of the stream as the A'clocity of floAv is laiscd. 
According to the ob-servations of 'S^Tittaker and Winton (1), the maximum 
effect of this .shift of distribution of the cells in the floAving stream for bloods of 50 
17er cent red cell Amlume (the aA'crage for our experiment) Avould be a reduction 
of the vi.scosity by a factor of 1.47 (2.2/1. 5). In figure 1, the floAV increased 
from 0.5 ml./min. at a pre.s.surc of 45 to 13.G ml./min. at a pre&surc of ISO. If 
the only factor operative in addition to the increase of pcrfu.sion pressure had 
been the decrease of effective Auseo-sity and a.ssuming that the maximum po.ssiblc 
change in Auscosity occun-cd betAvecn the.se tAvo pre.ssurcs, the floAV could have 
incrca.‘:ed only from 0.5 to 2.94 ml./min. It is apparent that the rclation.ship 
IwtAveen perfu.sion pre.ssurc and floAv in the.se experiments cannot be exiAlained 
on the basis. of such cliangcs of cffcctiA’c viscosity alone. 

(3) It may be as.sumed that at Ioav jjerfu.sion pres.surcs red cells pa.ss through 
some arterioles and capillarie.s but. not through others and that A'.-ith increasing 
perfusion prc.ssuro progressively more capi!larie.< arc irrigatetl. Knowledge of 
Avhether this actually occurs or not aaiII haA'c to aAvait studie.s of perfusion pres- 



528 GREEN, LET^^S, NICKERSON AND HELLER 

sure and blood flow combined with microscopic observations of capillaiy behavior. 
This concept is, however, the equivalent of (1) above. It is probable that all 
three of the above factors contributed to the observed relationship between 
perfusion pressure and blood flow in our studies as well as in those of Wfliittaker 
and Winton and those of Pappenheimer and Maes. 

In the papers of Whittaker and Winton and of Pappenheimer and Maes, 
much stress is placed on the occurrence of a linear relationship between perfusion 
pressure and blood flow especiall}’’ above certain minimal rates of flow. A linear 
relationship should signify that throughout the range of pressures in which it 
occure: no further vascular dilatation, no further change in effective viscosity, 
nor any opening of new capillaries is occuning. However, imder these condi- 
tions, flow would become not onlj’- a linear fimction of pressure, but it would also 
become proportional to pressure. In other words, the straight line would project 
back to the origin. Such a situation would be equivalent in figure 1 to having 
flow increase progressive!}^ faster than pressure, i.e., along the solid line from 
zero pressure to point X, until the vascular dilatation and change of effective 
viscosity have become maximal. The plot would then swing up and follow the 
dashed line marked 20 PRU. Since in none of our data (with the apparent ex- 
ceptions in figures 3 and 5 below mean arterial pres.sure) nor in that of Pappen- 
heimer and Maes, or of "iWiittaker and Winton, do the plots ever become so 
directed that the apparent straight line portion can be extrapolated back to zero, 
it is apparent that either the effective viscosity decreases or the lumen of the 
vessels increases continuously up to the maximum perfusion pressures used. On 
this basis, the straight lines drawn by "Vifliittaker and AYinton and by Pappen-. 
heiraer and Maes may be only apparently straight lines drawn tangent to a 
limited .segment of a parabola distal from the vertex. 

In view of the above discussion, we believe that in regions where a parabolic 
relationship holds l^etwecn perfusion pressure and blood flow purely physical 
factors have operated, namel}’’, a progressive decrease in effective viscosity 
and/or a progressive mechanical dilatation of the blood vessels with rising perfu- 
sion pressure. According to this concept, vasomotor actimty, vascular tonus 
and extra vascular pre.s3ure have remained constant in these vascular beds regard- 
less of the perfusion pressure used. 

///. Physiological factors influencing blood floio. The discussion in section II 
provides possible explanations for the regular increase in the increments of flow 
per increment of pressure in small tubes. In fact, it is not easy to see how any 
other relationship could occur on the basis of purely physical principles. The 
sigmoid character of the relationship between pressure and flow seen in plots A 
and B in figure 3, in plot C in figure 4 and in plots A and B in figure o is 
apparently due to the operation of some additional factor or factors. 

In the ca.se of the venous outflow e.xperiments, represented by figure 4, it might 
be a,s3umed from the above discussion that the flow would have increased pro- 
portionally to some power greater than 1 of the perfusion pressure had a steady 
perfusion pre.ssure been u.scd. In these ex'periments, however, the perfusion 
pre.ssuro, supplied by the aorta and varied by the degree of compression of the 
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femoral arteiy by a clamp, became progi-essively more pulsatile in character as 
mean aortic pressure was approached. Tins might be expected to cause larger 
flows at the higher perfusion pressures than those anticipated from constant 
pressure perfusion (14). This possibility was studied in 12 dogs not included in 
the above results. In these dogs, flow into the popliteal artery was recorded a, 
while the artery was supplied by the pulsatile head of pressure provided by the 
aorta, and 6, while it was perfused under a steady head of pressure equal to mean 
aortic pressure. The popliteal artery was perfused by way of a cannula inserted 
into the central stump of the saphenous artery while the femoral artery was 
occluded by a clamp central to the branch. Blood flow was recorded with the 
orifice and differential manometer described under methods. During both 
types of perfusion the collateral vascular beds were perfused from the aorta. 
In 2G comparisons in these experiments the pulsatile flows were sometimes 
greater than and at other times less than the steady pressure flows and the 
differences between them were no greater than could be accounted for by the 
probable error in measuring pulsatile flows. 

A more likely e.xplanation of the sigmoid shape of the plots reproduced is 
that at perfusion pressures below mean aortic pressure reactive vasodilatation 
occurred which tended to maintain the normal irrigation of these vascular beds 
despite the lowered perfusion prc.ssure. This explanation is supported by the 
follo\ving two observations; 

1 . In the experiment reproduced in figure 3 it is observed that in the vascular bed of the 
quadriceps muscle the rate of flow at the higher perfusion pressures rapidly diminished after 
the first 2-3 seconds to a lower rate which was maintained throughout the remainder of the 
20 second perfusion interval (plot A' to plot A). At the lower perfusion pressures the rate 
of flow remained at the initial rate throughout the 20 second perfusion period. In the same 
experiment, blood flow in the skin supplied by the saphenous artery, measured simultane- 
ously with the above, remained constant throughout each 20 second perfusion period, and 
the plots of perfusion pressure vs. flow were typical parabolic curves (fig. 1). We interpret 
plots A and A' of figure 3 as follows. The basic tonus due to vasomotor nerve activity 
probably would have yielded a parabolic plot of pressure vs. flow which would have passed 
through points 1 to 3 of plot A. As a result of the 5 second period of ischemia preceding 
each perfusion, however, the local vascular tonus was temporarily reduced to a level such 
that the plot was shifted to the position A'. At the lower perfusion pressures this dimin- 
ished vascular tonus tended to persist. At the higher perfusion pressures and rates of flow 
the products of metabolic activity producing vasodilatation were rapidly removed and the 
local vascular tonus restored during the latter part of each 20 second perfusion period to the 
basic level provided by the tonic vasomotor nerve activity. 

2 . In the experiment illustrated in figure 4, the vascular bed of the distal part of the hind 
leg was isolated by wire ligatures and inflow was recorded at various intervals after the 
start of perfusion. At all perfusion prc.ssurcs (he rate of flow increased during the first 
minute of perfusion. At the lower perfusion pressures, however, the percentage increase 
of flow was much greater than at the higher perfusion pressures. The plot of perfusion 
pressure vs. flow during the first 5 seconds of perfusion (line A) is a typical parabola. The 
plot of perfusion pressure vs. flow at the end of IJ to 2 minutc.s of penusion flino C) is 
becoming sigmoid in shape, like the various plots in figure 4 and like plot A in figure 3. 

TIic relatively greater flows at low perfusion pressures in tbc.sc experiments 
may also be clue in part to a lowering of the extra vascular pressure by osmotic 
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absorption of the tissue fluids when low perfusion was maintained for a sulBcient 
length of time. It is perhaps significant that sigmoid shaped plots were obtained 
onty in preparations in which all or at least part of the vascular lied supplied 
muscle, and in which the rate of flow was measured only after perfusion had been 
maintained for a relatively long time at each pressure. 

IV. Effects on pressure-flow relationships of change of vasomotor activity. In 
each of the figures 2, 3 and 5, plot B is displaced to the left of the initial or 
control plot A. This shift was due, we believe, to an increase in vasomotor 
activity.. In some experiments the heightened vasomotor acti^dty occurred 
spontaneously, in othera it was induced bj’' hemorrhage. In figure 3, plot C is 
displaced to the light. This was due to a reduction in vasomotor activity 
following section of the sciatic nerve at about the middle of the thigh. 

In the log-log plots of all the experiments in which the pressure-flow relation- 
ships were similar to those in figures 1 and 2, it was noted as shown in figure 6 
that not onty ivere the B plots displaced to the left, but also the slope of the 
straight line joining the points was less steep. Conversel}'’, in most instances in 
which a decrease in vasomotor activity was produced by section of the appro- 
priate nerve, the log-log plot not only was displaced to the right but become 
steeper, approaching a slope of 1 : 1. It is. e^udent from the log-log plots (fig. 7) 
of the data from one of Pappenheimer and Maes’ e.xperiments, that they observed 
similar changes. The decreased slope of the log-log plots with increased vascular 
tonus may be due to a change in the charactei’istics of the blood vessels which 
allows them to become relatively more ideal!}’' distensible, or it may be caused by 
a greater change in effective viscosity vith velocity of flow as the vessels become 
narrowed by the increased vasomotor activity. 

As illustrated in figures 3 and 5, in all experiments and conditions of perfusion 
in which a sigmoid relationship between pressure and flow was noted, this sig- 
moid shape, and particularly the convexity to the right at low perfusion pres- 
sures, was preser\’'ed and even augmented as a result of increased vasomotor 
actinty. On the other hand, as shorni in figure 5 the sigmoid character became 
less prominent as a result of section of the sciatic nerve. If the sigmoid shape is 
due to the occurrence of a reactive vasodilatation at low perfusion pressures then 
this diminution of vascular tonus due to the production of local metabolic prod- 
ucts would appear to be relativel}’’ more effective the higher the general level of 
vasomotor activity. 


T^. Peripheral resistance. Measurements of peripheral resistance have been 
used considerably in recent years in stud}’ing the peripheral circulation. In all 
cases vAieve the term has been used in a quantitative sense it represents the ratio 
of the arterial pressure (or the arterio-venous difference of pressure) to the rate of 
flow through the organ being perfused. In studies of the whole animal the term 
total peripheral resistance (TPR) has frequently been employed, but the signifi- 
cance is the same; that is, TPR — the ratio of the mean aortic pressure to the 


total blood flow (cardiac output) (15 — 21). Most of these authors convert the 

mm.Hg d\me*sec . , 1330-60 

simple ratio —r-. — r- to — by multipljang the former by « nno 

ml/mm cm® j t, .> 
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consider that 


1 dyne -see 




= ] absolute unit, A.U. We cun sec no advantage 


to this latter mode of expression since it is not as readily appreciated as the 
direct expression and since it docs not in any way increase the accuracy. We 

. . /r 1 HHD-Hg 

therefore propose that the unit of penphcral resistance (or of IPR) be 

(see also Pappenheimer and Maes, 3) and suggest the designation PRU for 
this unit. 

fi-L 

Peripheral resistance so defined is proportional to in Poiseuille’s equation 


(see p. 527). It is a measure of the totality of all factors which affect the blood 
flow, i.e., the effective viscosity of the blood; the lengths of the vessels; and, 
their individual and collective cross-sectional areas, as determined by the intiin- 
sic tone of the blood vessels, the- constant play of vasomotor nerve impulses, the 
presence of constrictor and dilator substances and the cxtravascular pressure 
provided by the tissue tension. In view of the multiplicity of factors which may 
affect peripheral resistance, it. remains to show to ivhat extent changes of periph- 
eral resistance may be used to interpret vasomotor activity. 

VI, Inlcrprelation of direction of change of vasomotor activity from measurements 
of peripheral resistance. As long as the artenal pressure remains constant, the 
fluctuations of peripheral resistance correctly indicate the direction and quali- 
tatively the magnitude of the alteration of vasomotor activity (sec p. 533). 
The following examples indicate, however, that peripheral resistance varies 
whenever the aoi'tic (or perfusion iiressure) is altered even when vasomotor 
activity remains constant. 

a. In the determinations for skin flow in the experiment reproduced in figure 1 , 
we believe that the I'asomotor nerve activity, circulating humoral constiictor 
substances and the vascular tonus remained constant throughout the determina- 
tions. ITowever, the peripheral resistance decreased regularly from 115 PRU 
at a perfusion pressure of 40 mm.Iig to 28 PRU at a pressure of 100 mm.Hg 
and to 1 1 PRU at a perfusion pres.sure of 190 mm.Hg. This is illustrated graphi- 
cally by the solid line S in figure 8. 

b. In the control determinations for muscle flow in the same experiment, 
plotted as line A in figure 3, we believe that the vasomotor activity remained 
(constant, but tha,t vascular tonus was relatively low at low perfusion pressures, 
increased regularly as the perfusion pres.surc ajijiroached mean arterial pres.sure 
and remained constant thereafter daspite further elevation of perfu.sion pressure. 
The plot of peripheral resistance v.s. perfusion ])rc.ssurc for this same exqicrimcnt, 
reproduced as line M in figure 8, indicates that from 20 to approximately GO 
mm.Hg perfusion pi-essure the peripheral resistance decreased from 7 to 5.3 
PRU, that from GO to 110 mm.Hg the resistance increa.scd again to 7 PRU 
and from 110 to 170 mm.Hg it decreased steadily again to 1.0 PRU. 

Of more importance, however, is the question of interpretation of cliange.s of 
peripheral resistance in the prc.sence of an alteration of vasomotor activity 
a.csociatcd irith rise or fall of aortic prc.ssure. During the control period in the 
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experiment illustrated in figure 2, the aortic pressure was 116 mra.Hg, the 
blood flow at this pressure was 22.2 ml./min., and the peripheral resistance at 
this pressure was 5,23 PRU. These pressure-flow data are . represented by 
point a, and the peripheral resistance by the line 5.23 PR U. Now let us suppose 
that during an ensuing experimental period the aortic pressure rose to 180 
mm.Hg. If at this time a flmv of 34.4 ml:/min. were obtained (point hi) com- 
putation would indicate that the peripheral resistance had not changed, yet 
obviously the vasomotor actmtj' would have been increased significantl 3 ^ If a 
flow of 47.5 ml./min. were obtained (point it would indicate that the periph- 
eral resistance had declined to 3.79 PRU, i.e., a 28 per cent change, 3 "et in this 
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Fig.S. Plots of variation of peripheral resistance with perfusion pressure. Circles {S)— 
plot for solid line in figure 1 (skin). Triangles — plot for line A in figure 3 (muscle). Ordi- 
nate scale — ^perfusion pressure. Abscissal scale — peripheral resistance in PRU (1 PRU ~ 
1 mm. Hg./ral. per min.), scale at top applied to circles, scale at bottom to triangles. 

Fig. 9. Graph of the ratio of peripheral resistance in the constricted state, curve B in 
figure 2 — to the peripheral resistance in the control state, curve A in figure 2 at the same per- 
fusion pressure — ^plotted against the perfusion pressure. Ordinate scale — ratio — PRU^j 
PRU/i ; abscissal scale— perfusion pressure in millimeters Hg. 

Fig. 10. Graph of the ratio of peripheral resistance in the constricted state — curve B in 
figure 2 — to the peripheral resistance in the control state — curve A in figure 2 at the same 
rate of flow — ^plotted against the rate of flow. Ordinate scale — ratio PRUu/PRU^ 
abscissal scale — flow in ml./min. 

case no change in vasomotor activitt’ would liave occurred. If the flow were 
an3nvhere between 34.4 and 47.5 at this pressure, it would indicate a decrease 
in peripheral resistance, but an increase in vasomotor activitt'’. With flows 
greater than 47,5 or less than 34.4 vasomotor actitdty and peripheral resistance 
would change in the same direction. 

In a similar manner, if the aortic pressure were to fall to sa 3 '^ 50 mm.Hg and 
a flow of 9.55 ml./min. (point Cj) were obtained, it would indicate no change 
in peripheral resistance but a decrease in vasomotor activit 3 ''. A flow of 4.84 
ml./min. (point Cj) would indicate an increase in peripheral resistance to 10.4 
PRU, i.e., a 100 per cent cliange, but no change in vasomotor activit}’; and an 3 ' 
flow between 4.8 and 9.55 ml./min. would indicate a decrease in vasomotor 
activit 3 ', but an increase in peripheral re.sistance. With flows less than 4.8 or 
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greater than 9.55, vasomotor activity and peripheral resistance would change 
in the same direction. The loci of the pressure-flow points at which the change 
in peripheral resistance is the opposite of the change of vasomotor activity arc 
shown by the shaded areas. Similar loci arc indicated the .shaded areas in 
figures 1 and 5. 

On the basis of the above argument, it is evident that whenever arterial {or 
'perfusion) pressure is altered: (a) peripheral resista7icc may change in the absence 
of any modification of humoral or vasomotor nerve activity, and (h) in the presence 
of a comhriicd alteration of aortic pressure and of vasomotor activity peripheral 
resistance 7nay not indicate the degree of the change and may not even tell the direction 
of the chan ge of vasorywtor aclivity tmless one knoios what modification of peripheral 
resistance would have been produced by the observed alteration of aortic pressure alone. 

While it is not possible to reason too closely from results in isolated vascular 
beds to the beha\nor of the circulatory system as a whole, it is at least reasonable 
to assume from the above observations that caution must be used in attempting 
to interpret changes of vasomotor activity in the body as a w'holc from computa- 
tions of total peripheral resistance in the prc.scnce of a concomitant rise or fall of 
aortic pressure, unless in .some wa}'- it is pos.sible to know what change in total 
peripheral resistance would have resulted from the obsci’ved alteration of aortic 
pressure alone. 

VI I . Quaiititative c.vprcssion for change of vasomotor activity. The most .satis- 
factory method for studying quantitative^’- change of vasomotor activity w'ould 
seem to be to determine during a control period and again during the c.vperi- 
mcntal period the peripheral resistance at each of a series of perfusion pre.ssures. 
This is csscntiall}' what Pappenheimer and Maes did, and is the ba.sis upon which 
these experiments wore started. However, the method is laborious, and it is 
difficult to be sure that, during a given experimental period, the vasomotor 
activity has remained constant for the 20 to 45 minutes ncce.ssary for making 
the required complete set of prcs.sure-fiow’ determinations. Purthermore, it is 
difficult to portray in a time graph the succe.ssive changes in the plots relating 
prcs.surc and flow. Pappenheimer and Maes avoid the latter difficulty by 
computing a ratio of the .slope of the “straight line” portion of the plot for the 
experimental period to the .slope of the “straight line” portion of the control plot 
of pressurc vs. flow. We have not been able to avail ourselves of this method 
since in our c.xpcrimcntal data almost any slope can be obtained for cither the 
control or experimental periods depending upon w’hat portion of the data one 


chooses to draw the straight lino through. In .situations in Avhich the pressurc- 

Q n 

, change in vasomotor activity could l>e 


expressed in terms of the variation of the con.stant C and the exponent n. 
Change in vasomotor activity might l)c expressed in term.s of the ratio of the 


jicriphcral rc-sistance in the experimental period to that at. the .same pcrfu.s-ion 
pre.K^ure in the contnil jieriod (PRUt/PJiUr {Pc = Pc)*). Such comparisons 


< It sliould be noted th.^t this ratio is equal to Fc/Fc where Fc is the rate of flow in the 
control period and Fc is the rate of flow .at the same perfusion pressure in iiie e\-periinerita.l 
period. 
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were made by Pappenheimer and Maes (3) and have been made in most of our 
experiments. Both studies indicate, however, that the ratio varies greatlj’- Mth 
the head of pressure used. For instance, in the expeiiment in figure 2 the ratio 
PRXJ e/PRVc {Pc = Pc) for the experimental state represented by line B and the 
control state repre.sented b}’- line A varied from 0.2/1 at a perfusion pressui’e of 
170 to 11.5/1 at a perfusion pressure of, 55 or an increase of 85 per cent. Simi- 
larly, in figure 3, PRUe/PRUc {Pc = Pc) for the control state represented by 
line A and the experimental state represented by line B is 3.5/1 at 190 mni.Hg, 
drops to 1.4/1 at 130 mm.Hg and rises again to 3.1 at 25 mm.Hg. The latter 
data are illustrated graphically in figure 9. On the basis of these facts it is 
apparent that the ratio of the peripheral resistance in the ex-perimental period 
to that at the same perfusion pressure in the control period indicates qualitatively 
the direction of the change of vasomotor actmty but fails to give a satisfactory 
quantitative measure of the magnitude of the change. 

Change in vasomotor acti\dty maj-- also be expressed in terms of the ratio of 
the peripheral resistance in the exTierimental period to that at the same rate of 
flow in the control period {PRUe/PRUc {Pe = FcY). This comparison has also 
been made in most of our experiments and has been found to be much more con- 
stant over a wide range of flows than the ratio computed at equal perfusion pres- 
sures, For example, in figure 2 the ratio varied only from 2.66/1 at a flow of 
15 ml,/min. to 3.4/1 at a flow' of 1 ml./min, or an increase of 27 per cent as com- 
pared with the 85 per cent increase for the ratio computed at equal pressures. 
In the experiment reproduced in figure 3, the ratio PRUe/PRUe {Pc — Pc), 
presented graphically in figure 10, is much more constant throughout the com- 
plete range of flow's than is the corresponding ratio at equal pressures presented 
in figure 9, Apparently Pappenheimer and Maes did not compare the peripheral 
resistance in the constricted state with that in the unconstricted state at the same 
rates of flow'. Our analysis of their published data shows, however, that in their 
experiments also the ratios at the same rates of flow' are much more constant over 
the entire range of flow's, than are the corresponding ratios made at the same 
pressures over the entire range of pressures. 

Conclusions. In ■\ieAV of the discussion presented in this paper, it is our 
conclusion that no method for expressing change of vasomotor actmty yet 
devised rests on a completely logical basis. The most satisfactory 'prachcal 
expression for change of vascular tonus due to vasomotor nerve activity, and for 
the appearance of constrictor or dilator substances in the blood stream, is the 
ratio of the peripheral re.sistance in the exp>erimental period to the peripheral 
resistance mea.sured in the control period at the same rate of flow. 

susniARY 

Vascular tonus is defined as the active contraction of the muscular walls of the 
small blood vessels and is considered to be influenced phj'siologically bj' vaso- 

® This ratio is of course equal to Pe/Pc, where Pc = the aortic (or perfusion pressure) 
.".t v.'hich the flow was measured in the experimental period and Pc is the perfusion pressure 
required in the control period to cause the same rate of flow. 
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motor nerve impulses, humoral substances and metabolic products. The 
summated effects of the first two are defined as the vasomotor activitjL Changes 
in vascular lumen in response to altered intraluminal pressure per se are con- 
sidered to be a physical reaction and not to represent a change in vascular tonus. 

The relationship between vasomotor activity, peripheral resistance, blood flow 
and subcutaneous temperature Avas studied by recording either the arterial inflow 
or the venous outflow at a series of perfusion pressures in A^arious A'ascular beds 
in the hind limbs of anesthetized dogs. These studies AA-ere made during control 
states and during periods of increased vasomotor acthdty occurring spontane- 
ously and induced bA' small hemorrhages, and duruig periods of decreased 
A’^asomotor actiA'ity induced by sectioning the sciatic nerA’^e. AA^erage blood Aoaa’s 
at mean arterial pressure AA-ere 6.9 ml./lOO grams of muscle. In the combined 
skin and muscle of the loAA-er half of the hind extremit3’- the aA^erage floAV A\-as 3.2 
per 100 grams of extremity and in the skin of the latter the a\-erage flow was 1.6 
ml./lOO grams of extremitjL 

Onlj^ experiments in AA-hich the hematocrit reading and Adscosit5’^ of the blood 
remained AAithin -1-4 to —6 per cent of the control values and in AA-hich collateral 
circulation artifacts Avere avoided AA-ere analj-zed. During a constant state of 
vasomotor activity the increments of blood floAv per increment of perfusion pres- 
sure in skin and often in muscle increased regularlj’' from zero upAvard AA-hen floAv 
AA-as measured immediately after establishment of the perfusion pressure. The 
relationship betAveen perfusion pressure and floAv in these experiments could be 


represented by the equation F 



AA-here n has values betAveen 1 and 


5, 


usually about 2. This relationship appears to be explainable on a purel.v i>h.vsi- 
cal ba.sis. Wlien the rate of flow AA-as measured after 1 to 2 minutes after estab- 
lishment of the perfusion pressure in muscle and in the Avhole distal part of the 
extremity^ the Aoaa-s at pressures beloAv mean arterial pressure appeared to be 
relativelA- greater than the.y AA-ould be on the basis of a pureh' plij-sical relation- 
ship betAA-een pressure and floAv. This was probabl.v due to a A'asodilatation in- 
duced locally by the accumulation of metabolic products as a result of the sloAved 
floAv at loAV perfusion pressures, but might also be due to a loAA’ering of the extra- 
vascular pressure. The result AA-as a sigmoid rather than a parabolic shaped 
cui-Are relating perfusion pressure and flow. 

In all experiments, increase of A-asomotor actiA-ity decreased the rate of floAV 
at each perfusion pre.ssure. In those experiments in AA-hich the data fitted the 


equation F = , increa.se of A-asomotor actiA-ity increased the magnitude of 

the constant C and of the exponent n. 

Peripheral resistance, physicallj-, is the ratio of the perfusion pressure to the 
floAv through the vascular bed. The term PHU is proposed as a unit of periph- 

1 mm.Hg , 

oral resistance, A\-herc 1 PRL = l enpheral resistance aa-rs found to 

be altered Avhen the perfusion pressure A\-as raised or lowered, even AA-hon A-aso- 
motor actiA-ity remained constant. ConA-erseh', change of A-asomotor acth-ity 
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was not in all cases correctly indicated by an appropriate alteration of peripheral 
resistance. 

Various methods of expressing change of vasomotor activity were discussed. 
It was concluded that the only completely satisfactory method is to compare the 
plot relating pressure to flow over the complete range of pressures from zero to 
mean aortic pressure in a control period, udth a similar plot obtained in the ex- 
perimental period. However, this method is laborious and it is difiicult to depict 
the progressive changes in these plots with time. As a compromise the ne.\t 
most satisfactory method appears to be to determine during a control period the 
relationship between pressure and flow over the entire range of flows anticipated 
during the subsequent experimental period and thereafter to make onlj' single 
determinations of pressure and flow, usuall3’’ at a perfusion pressure equal to the 
existing mean aortic pressure. The results maj' then be expressed in terms of the 
ratio of the peripheral resistance (or perfusion pressure) in the experimental 
period to the peripheral resistance (or perfusion pressure) observed during the 
control period at the same rate of flow. 
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In a previous paper (11) it was showTi that there was no maintained depolari- 
zation of the gastric potential in the resting stomach when the potential was 
shunted through comparatively low external resistances. It was suggested on 
the basis of these observations that the electromotive force of the stomach might 
be able to deliver inside the stomach a quantity of electrical energ}’' equal to the, 
amount of energy' necessary for the production of the hydrochloric acid of the 
"gastric secretion. This obviously, taken by itself, cannot be con.sidered proof 
that electrical energy actually fumishes the energy for the production of the 
HCl. Of the possible further experimental approaches to this problem the next 
logical one, in the writer’s opinion, is a study of the relationship between the 
ootential difference across the stomach as measured by surface electrodes and 
the secretion of HCl. A review of the literature reveals that numerous workers 
have been interested in this problem. Their reports, however, are extremely 
conflicting. Sarre (14) reported that in cats anesthetized with pemoston (an 
anesthetic under which adequate gastric secretion is obtained) there was an 
increase in the negativity of a mucosal electrode with respect to an electrode on 
an injured muscle in the thigh when the stomach was stimulated to secrete. 
On the other hand, Mislowitzer and Silver (9) also used pemostonized cats and 
found a decrease in the magnitude of the potential difference across the stomach 
after administration of histamine. Quigley, Barcroft, Adair and Goodman 
(10), using pouch dogs, reported that there was no relationship between the 
gastric potential and secretion. Swyngedauw (15) claimed that in humans a 
change in potential was associated with the stimulation of gastric secretion. 
With the exception of Sarre, none of the.se investigators mea.sured the secretoiy 
rate of the stomach. Sarre measured the pH of fluid in contact with the mucosa 
but did not attempt to detennine the secretory rate at intervals in a given exper- 
iment. The primary purpose of the present paper is to inve.stigate further this 
relationship. A method was devised in which the potential difference across 
the stomach and the rate of secretion of liydrogen ions could be measured from 
the same portion of the stomach and the composition of the fluid in contact 
with the mucosa conveniently controlled. 

Methobs. Dogs fasted for 24 to 30 hours were anesthetized with pemoston^ 
(SO mgm. }X'r kgm., subcutaneously). The stomach was exposed through an 

* This investigation was aided by a grant from the Jo.seph E. Seagram and Sons Company. 

* The Riedol-de Ilaen Company. New York, kindly supplied the pemoston used in these 
experiment?. 
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abdominal opening and an incision was made in the stomach midway between 
the lesser and greater curvatures. A portion of the stomach (along the greater 
curvature) was placed between a Incite chamber and a ring of lucite (see fig. 1). 
The lucite ring was about 1.5 mm. thick and had an oblique cut in it so that 
the blood vessels supplying the portion of the stomach in the chamber could be 
slipped inside it. The stomach was fastened tightly between the chamber and 
the ring by screws. The chamber thus formed had a \mlume of approximately 
20 ml. The area of the mucosa inside the chamber was 21 cm.” Fluids could 
be introduced into the chamber and replaced by means of tubes Ti and To. 
Em represents the electrode used for leading ofif the potential from the mucosa. 
Contact ^vith the solution in the chamber was made by means of a saturated 
KCl solution. The tip of the tube containing the saturated KCl solution pro- 



Fig. 1. Schematic drawing of a sagittal section of apparatus with stomach in place. R 
refers to the lucite ring which contains eleven holes for the screws used in clamping the ring 
to chamber, C. F refers to the fluid in the chamber. The blood vessels supplying the por- 
tion of the stomach in the chamber are not shown in the diagram. 

trading into the chamber was approximately 0.5 mm. in diameter. This tube 
could be flushed out with fresh KCl by opening stopcock St- Control experi- 
ments revealed that this arrangement was as effective in eliminating liquid 
junction potentials (to within a fraction of a millivolt) as one in which a tube 5 
mm. in diameter was substituted for the capillan' tube. It is assumed, there- 
fore, that the potential at the junction between a saturated KCl solution and 
any of the solutions used in these experiments is zero (1) (but see Macinnes and 
Longs worth (7)). 

The diameter of tlie Ringer agar portion of the serosal electrode, Ee, in contact 
witli the serosa was made less than the diameter of the stomach inside the ring 
R in order to avoid interference with the blood suppl 3 \ The potential differences 
were measured with a potentiometer. The potential difference between the 
two electrodes with the stomach in the chamber, minus the potential difference 
between the two electrodes when they were placed in the same solution of 0.9 
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per cent saline, is referred to in this paper as the potential of the stomach. The 
error due to variation in the potential of the electrodes ivas less than 1 mv. 

The rate.of secretion of hydrogen ions was detennined in the following manner. 
The chamber was filled with 0.9 per cent saline and at the end of 10 minutes it 
was drained and washed Anth enough 0.9 per cent NaCl to make a total volume 
of 100 ml. The pH and total acidity of the sample were determined. The pH 
was measured with a Beckman pH meter, the total acidity Avas determined by 
titration AAuth a standard NaOH solution using phenolphthalein as the indicator. 
The secretory rate AA*as calculated in terms of milligrams of HCl per 10 minutes 
(total acidity of sample minus to'tal acidity of same amount of saline). Calcula- 
tions of the secretoiy rate from pH measurements gaA'e A’alues that Avere essen- 
tially the same as those obtained from the total acidities. Only a negligible 
fraction of the titratablc acidity Avas, therefore, present in a fonn other’ than 
that of free hj^drogen ions. 

All solutions introduced into the chamber AA'ore Avarmed to a temperature of 
39 ±1°C. A small amount (about O.i ml.) of saturated KCl AA'as wa.shed 
through the capillar^' tip of the mucosal electrode AA-heneA'er an HCl solution 
AA'as placed in the chamber and occasionallj’’ AA'hen saline Avas replaced A\'ith more 
saline. It aa'os found that flushing the capillary tip in this Avay was not fol- 
loAA'ed b}'’ an appreciable change in the potential. 

Evidence that the ability of the stomach to secrete HCl is not seriously im- 
paired under the conditions of these experiments is found in the fact that AA'ith 
histamine stimulation OA'-er 9 mgm. of HCl may be secreted liy that portion of 
the stomach in the chamber in a 10 minute period. Histamine Avas adminis- 
tered subcutaneously at regular inteivals unless othcr\A'ise specified. 

Results. Secretory rate and potential before histamine. After the stomach 
had been placed in the chamber it was AA'ashed AA'ith large quantities of 0.9 per 
cent NaCl. After this procedure the rate of secretion of hydrogen ions Avas 
practically zero. The pH of the 100 ml. samples AA'as aboA'e 5.0 after a 10 minute 
interA'al. The possibility that hydrogen ions AA'erc being secreted but were 
neutralized by a bulTercd transudate or secretion AA'as tested by comparing the 
acidity of the fluid in the chamber (titrated to a pH of 9.0) AA'ith that of the 
original saline. It AA'as found that the titratable acidity of the fluid in the 
chamber AA'as not greater than that of the original .saline by more than O.OS mgm, 
of HCl. The potential AA'as found to haA'e the same orientation as that found 
in pi-evious experiments (11, 12), i.e., the .serosa AA'as positiA'e in the e.xtemal 
circuit to the mucosa. There AA-as a tendency for the potential to increase AA'ith 
time after the beginning of an experiment. The potential reached a relatiA'cIy 
constant A-aluc of from 70 to 95 mv. in about one hour after the beginning of an 
experiment. An aA'eragc A'alue of 71 mA'. AA'as giA'en for the resting potential 
in a preliminary report of this AA'ork (13). Tliis loAver A'alue Avas due to the fact 
that in some of the early experiments histamine Avas administered l>efore the 
potential had reached a relatively constant leA'cl. Tlie loAAcr A'alues of the 
potentials reported in another paper (11) AA'erc probably due to the use of a 
diticrent anesthetic in some experiments and to poorer condition of the animals. 
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It was found that the resting potential was influenced bj'- the concentration of 
ISTaCl (being higher with concentrations less than 0.9 per cent and lower with 
higher concentrations of saline). However, all the experiments reported in this 
paper were performed vdth 0.9 per cent NaCI in the chamber unless otherwise 
specified. 

Effect of histamine on 'potential and secretion. Subcutaneous injection of 
histamine (0.05 to 0.1 mgm. per kgm. of the diphosphate eveiy 10 minutes) was 
followed by a marked decrease in the potential to a new level. As shovoi in 
figure 2 (a typical experiment) this decrease in potential was associated with 
the onset of secretion . After the new level of potential had been reached further 
administration of histamine had verj’' little effect on it. On the other hand, 



Fig. 2. Effect of histamine injections on the potential and secretory rate. Closed circles 
represent potential in mv., secretory rate is in milligrams of HCl per 10 minutes. At arrow 
marked H, 1 mgm. of histamine diphosphate was given subcutaneously and this dose was 
repeated at 10 minute intervals for the duration of the experiment. 

the secretoiy rate continued to increase after the potential had reached the new 
level. In experiments in which a single dose of histamine was given the typical 
changes in potential and secretion were observed and after a period of time the 
secretoiy rate gradually decreased to zero and the potential increased in magni- 
tude to approximately its original level. If the single dose was relatively small 
(0.005 to 0.05 mgm. per kgm. of the diphosphate) the potential did not fall to 
as low a IcA’el as it did following the larger doses. Further histamine stimulation 
was then followed by a further lowering of the potential. 

Influence of the pH of the fluid in the chamber on the potential. Since HCl 
solutions of the concentrations present in the gastric secretion can give rise to 
diffusion potentials of considerable magnitude, the following experiments were 
designed to determine the effect of the pH of the fluid in the chamber on the 
potential. 
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a. Effect of pH changes due to gastric secretion, the stomach was actively 

secreting the pH of the fluid in the chamber decreased from that of the original 
saline (approximatelj’’ G) to 1.9 to 2.G in a 10 minute period. There was no 
evidence that a definite change in the potential was associated with this decrease 
in the pH of the fluid in the chamber. This is illustrated in figures 2 and 4 since 
fresh saline was placed in the chamber everj' 10 minutes. The greatest change in 
any of the experiments after replacing the fluid with fresh saline was 3 mv. 
(fig. 3B). 

b. Effect of a buffer on potential after hislarr^ine. The possibility that the 
change in potential after histamine might be modified by a buffered solution 
in tlie chamber w'as tested with an isotonic phosphate l^uffer of a pH of approxi- 



Fii^. 3 (.4 and B). .Vn HCi solution of a pll of 0.75 was placed in tlie chamber at the time 
indicated by the arrows. Saline (0.0 per cent) was washed through the chamber during the 
time indic.atcd by the brackets. Tlie flow of the saline solution was stopped during meas- 
urement of the potential. Histamine diphosphate, 1 mgm. even.’ 10 minutes subcutane- 
ously, wiis administered in both e.vpcriments. 


mately 7.2. This solution wa.« placed in the chamber and after histamine 
stimulation the potential decreased to about the same extent as with saline in 
the chamber. The magnitude of the potentials after histamine in the four ex- 
periments perfonned with the phosphate buffer after they had become relativeh' 
stable were 45, 3S, 37 and 3S millivolts. (Compare with column 3 of table 1.) 
The phosphate buffer remained in the chamber until the potential reached a 
relatively constant value and the pH of the buffer at the end of the e.xperimcnts 
was 0.1 or higher, except in one expei'imeut in which the buffer remained in the 
chamber for a much longer i>eriod of time. 

c. Effect of HCI solutions. The HCI secreted by the .stomach diffuses into the 
fluid in the chamber and the j^otentia! produced by this diffusion (since it occurs 
in an aqueou.s solution outside the stomach) wotild be oriented toward the muco- 
sal electrode, i.e., opposite to the potential of the stomach. In an attempt to 
determine to what extent this diffusion potential contributes to the decrease in 
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the potential after histamine stimulation, the effect of solutions of HCl on the 
potential was determined. These experiments were performed with solutions 
of HCl varying in pH from 0.64 to 1.03. After the stomach had been stimulated 
with repeated injections of histamine and the potential had reached its new level, 
approximatelj^ 200 cc. of the HCl solution was mn into the chamber and the pH 
of the last 50 cc. of the solution leaving the chamber via tube was measured. 
The pH of this solution was equal to that of the original HCl to within 0.02 of 
a pH. Figures 3 and 4 show three of these experiments in which the saline in 
the chamber was replaced vdth an HCl solution. In these experiments the 
potential showed an increase before the HCl had stopped flowing through the 
chamber. The fact that the potential remained near the maximum for at least 



Fig. 4. At first HCl arrow, HCl of a pH of 0.77 was run into the chamber; this solution 
was washed out with saline as indicated by the bracket. At the time indicated by the H 
arrow, histamine was started (1 mgm. of diphosphate every 10 minutes for the duration of 
the experiment). At the second HCl arrow, HCl of a pH of 0.75 was placed in chamber; 
at the third HCl arrow, HCl of a pH of 0.5 was placed in chamber. This latter solution 
was washed out with saline as indicated by second bracket. 

one minute after the flow had ceased is evidence that the increase in potential 
was not due to a flow potential. A total of eleven experiments was performed 
and they are summarized in table 1. The difference in the magnitude of the 
potentials of the resting and secreting stomach is given for each of these expen- 
men ts in table 1. It can be seen that the increase in potential after application 
of the HCl was always definitely less than the difference between the magni- 
tude of the potentials of the resting and secreting stomach. The rates of HCl 
secretions are also given in this table, and it can be seen that there is a fairly 
good correlation between the rate of secretion of HCl and the magnitude of the 
increase in potential after application of the HCl solution. 

After reaching a maximum the potential in the majority of the experiments 
started to fall while the HCl remained in the chamber. In some experiments 
the potential .showed a much more marked fall (fig. 3A) than in other expen- 
ments tfig. 3B). Replacement of the HCl by saline was always followed by a 
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further decrease to a value below the original pre-HCl level. In some experi- 
ments (fig. 3B) there was a comparativelj^ rapid retuni to the level of potential 
that existed before the introduction of the HCl into the chamber. In other 
cases the potential remained below the original pre-HCl level for the duration 
of the experiment (1 to 2 hrs.). The chamber was always wa.shcd with large 
quantities of saline after removal of the HCl solution. 

Effect of HCl solutions on the resting potential. Experiments were perfomied 
to detennine the effect of HCl solutions on the magnitude of the resting po- 
tential. In even- case there was a marked decrease in the magnitude of the 
potential following the application of HCl solutions of a pH range of from 0.G4 
to 1.1 (see fig. 4). In the fifteen experiments the potentials after HCl applica- 

TABLE 1 

■ Effect of JICl solutions on the potential of the secreting stojnack 

Experiments arranged with reference to secretory rates. Values in column 5 obtained 
by subtracting values in column 3 from those of column 4. Column 6 gives the difference 
in potential between resting and secreting stomach. S.R. refers to the secretory rate in 
milligrams of HCl per 10 minutes. Potentials in millivolts. 


DOG 

1 ; 

pH OF HCl 



A roT. 

A rOT. AFTER 
HIST. 

s.n. 

1 

0.95 

41.5 

45.5 

•f*4 

30 

1.3 

2 

0.C4 

40.0 

44.5 

4-4.5 

38 

2.0 

3 

O.SO 

45 

43 

—2 

40 

2.1 

2 

0.75 

35 

39 

+4 

38 

2.6 

4 

0.7G 

41 

47.5 

4-6.5 

39 

3.5 

5 

0.75 

37 

43 

+c 

33.5 

4.0 

G 

0.82 i 

37.5 

4G.5 

4-9 

32.5 

4.2 

7 

0.75 

43 

56 

1 4-13 

44.5 

9.1 

8 

0.G5 

43.5 

56.5 

4-13 

1 33 j 

9.9 

8 

1.03 

44 

5G.5 

4-12.0 

33 1 

11.0 

8 

0.75 

43.5 1 

59 

1 

4-15.5 

33 1 

1 

12.4 


tion were within 20 mv. of the potential after sub.sequent histamine stimulation, 
and in all but two experiments the potential was higher after HCl application 
than after sttbseqiient histamine .stimulation. After the HCl was replaced with 
.saline the iiotential of the resting stomach gradually increjised (over a period of 
about 1 hr.) to the onginal pre-HCl level (in the alisence of further experi- 
mental procedures). 

Effect of histamine on the potential after it has been depressed by HCL Figure 4 
show.s a typical experiment in which the effect of histamine on the potential 
and secretion was detennined after the re.«ting potential had been depressed 
by application of HCl. It can be seen that there wa.s a comparatively .‘•mall 
change in the magnitude of the potential with the onset of secretion and again 
(see fig. 2) the potential remained fairly constant while the. secretory rate con- 
tinued to incrca.^e. Two .similar ex|reriments were perfonned with essentially 
the same results. 

Effccl of HCl sohdions on the relationship Itcluxcn secretion and potential. Since 
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the potential is often depressed in the secreting stomach following the introduc- 
tion of HCl and replacement with saline, it would be of interest to determine 
the correlation between the potential and secretory rate under these conditions. 
In figure 3A it can be seen that a marked depression of the secretoiy rate is 
associated ^^’ith the decrease in the potential and that as the potential increased 
the secretory rate showed a concomitant increase.' In figure 3B the potential 
had returned to its pre-HCl level within 10 minutes after replacement of the 
HCl Avith saline. The secretory rate during the first 10 minute interval after 
the potential had returned to its HCl level Avas 80 per cent of its Amlue before appli- 
cation of HCl. Figure 4 sIioaa's an experiment in which ah attempt was made to 
depress the potential (AA-hidr shoAA'ed relatively little change AAdiile an HCl solu- 
tion of a pH of 0.75 AA'as in the chamber) b 3 ' replacing the HCl solution AAuth a 

TABLE 2 

Effect of HCl on the potential and secretory rate of the secreting stomach 
Columns 7 and 8 give the percentage change in the potential and secretory rate before 

and after HCl 


DOG 

POT. BKFORE 

HCl 

S.E. BEfORE 

HCl 

pH OE HCl 

POT. AFTER 

HCl 

S.R. AFTER 

HCl 

% A POT. 

% A S.R. 

2 

40 

2.0 

m 

45 

1.3 

4-12.5 

-35 

6 

37.5 

4.2 


39 

2.5 

4-4.0 

-40 

2 

35 

2.6 

0.75 

36 

2.1 

4-2.9 

-19 

8 

44 

11.0 

1.03 

44 

12.4 

0.0 

4-13 

8 

44 

12.4 

0.75 

43.5 

9.. 9 

-1.1 

-20 

3 

45 

2.1 

0.80 

43.5 

1.55 

-3.3 

-26 

1 

41.5 

1.3 

0.95 

38.5 

1.1 

-7.2 

-15 

7 

43 

9.1 

0.75* 

21 

1 .5 

—51.0 

-84 

8 

43.5 

9.9 

0.65 

19 

0.1 

-56.0 

-99 

5 

37 

4.0 

0.75 

14 

0.3 

-62 

-92 

4 

41 

I 

3.5 

1 

0.77 

6 

0.2 

1 

-85 

-94 


* Replaced with HCl pH 0.50 before saline placed in chamber. HCl pH 0.50 remained 
in chamber approximately 2 minutes. 


relath'ety concentrated HCl solution. This latter solution was AA'ashed .out Avith 
saline after it had remained in the chamber for approximately 2 minutes. Fol- 
loAving replacement AA'ith saline the potential decreased to a level around 21mA'. 
and remaiued at this level for the duration of the experiment (80 min.). The 
secretory' rate AA'as also depressed and remained so for the duration of the e.xperi- 
ment. It should be pointed out that no attempt AA'as made to measure the 
secretoi'A' rate for at least 10 minutes after the HCl had been replaced Anth saline. 
The chamber AA'as alAA'aA'S AA'a.shed out AA'ith at least 900 ml. of saline following the 
application of HCl. In the resting stomach it was found that after this procedure 
the fluid in' the chamber remained at a pH above 5.0. The data on the effect 
of HCl on the relationship betAA'een secretion and potential are summarized m 
table 2. The secretoiy rate given in column 6 is the secretoiy rate for the first 
period during AA'hich it Avas measured folloAA'ing replacement of HCl AA'ith saline. 
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The potential given in column 5 is the average potential for this same period. 
It can be seen that a marked decrease in potential is associated ivith a marked 
reduction in the secretoiy rate. 

Discussion. Correlation of the present findings xvilh those of other icorkxrs. 
The experiments in this paper provide a basis for a tentative explanation of some 
of the apparently conflicting data cited in the introduction. The re.sults of the 
experiments on the effect of histamine on the resting potential are strikingly 
similar to those of Mislowitzer and Silver (9). The finding that the secretory 
rate after histamine stimulation may increase after the potential has reached 
a relatively constant level and the fact that there is a relatively small change in 
the potential after histamine stimulation if the potential has been previously 
depressed by application of HCl, suggest an explanation for the findings of 
Quigley et al. (10). These investigators used pouch dogs and it is possible 
that the pouches possessed a relativel}' high basal secretoiy rate or that the pH 
of the fluid in the pouch was relatively low before experimental gastric stimula- 
tion and, therefore, administration of gastric stimulants would not be expected 
to be followed by a significant change in the potential. There is of course the 
po.ssibility that in unanesthetized dogs the potential of the resting stomach in 
contact with a solution of relatively low acidity is of approximtely the same 
magnitude as in the secreting stomach. Obviously more work is needed on this 
point. Sarre’s findings (14) are the most difficult to interpret. His finding 
following histamine of an increa.se in the negativity of the mucosal electrode 
with respect to an electrode on the thigh is probably equi\'alent to an increase 
in the magnitude of the potential across the stomach. This is similar to the 
relation.ship found in some of the experiments between secretory rate and po- 
tential (see fig. 3-4) after HCl is placed in contact with the .secreting stomach and 
then replaced with saline. This suggests that for some unknomi reason the 
gastric potential in Sarre’s experiments might have been originally depressed 
below the level at which active secretion occurs. .-Vlthough Swyngedauw (15) 
found that in humans a change in the gastric potential was associated with the 
stimulation of gastric secretion, it is not clear from the description of his re.sults 
in which direction the potential changed. 

Factors that may play a rdlc in the decrease of the potaitial after histamine. 
The HCl of the gastric secretion in contact with the saline in the chamber would 
be cNpectcd to give rise to a dilTusion potential oriented toward the mucosal 
electrode. Introduction of an HCl solution of a concentration equal to that of 
the gastric secretion was never followed by an increa.se in the magnitude of the 
potential by as much as a half of the decrease in the magnitude of the jjotential 
after histamine stimulation. The fact that the increa-sc in the potential after 
HCl was found to be definitely less than the magnitude of the diffusion potential 
l.iot ween the gastric secretion and saline (found to bo around 35 mv. (impubli-shcd 
experiments)) might be interiireted as demonstrating that (he increase in the 
potential after IICl is not a measure of the effect of the diffusion potential on the 
gastric potential. However, to assume that the fonnaticni of this diffusion 
potential would cause a decrease in (he gastric potential of the above magniltide 
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implies that there is a continuous interface between the saline and the gastric 
secretion. If onlj-- a .small portion of the stomach were secreting HCl then the 
diffusion potential, on the basis of the la^^^ of electrical networks, would be 
expected to have a relatively small effect on the gastric potential, and as the 
area of secretion increased and as it approached the total area of that portion 
of the stomach in the chamber, the effect of the diffusion potential would be 
expected to increase and approach the magnitude of the diffusion potential at 
the boundary of the two solutions. It is significant that a fairlj’’ good correlation 
was found to exist between the magnitude of the secretoty rate and the magni- 
tude of the increase in the potential after HCl application (see experiments in 
table 1 in which the concentrations of the HCl solutions varied b}’’ onlj-^ 0.07 
of a pH, i.e., pH 0.75 to 0.82). In the experiments during which there was a 
high secretorj’’ rate the potential did not fall off ver}'' rapidly after introduction 
of an HCl solution. In the light of these observations it may be tentatively 
concluded that the initial increase in potential is a fair index of the effect of the 
diffusion potential on the gastric potential. The fact that HCl solutions, com- 


parable in concentration to that of gastric secretion, depress the potential of 
the resting stomach suggests that the secretion of HCl by the stomach itself would 
result in a depression of the potential, and that this factor, together with the 
effect of the diffusion potential, msLy account for the decrease in potential after 
histamine. This conclusion would not be ruled out b}-- the phosphate buffer 
experiments since it is reasonable to assume that a thin layer of HCl would be 
present at the surface of the secreting mucosa, and since the diffusion potential 
between the phosphate buffer and the gastric secretion has essentially the same 
magnitude as that between the gastric secretion and saline (unpublished experi- 
ments). On the other hand, consideration of the many possible factors that 
might influence the potential would make it premature to conclude that the above 
tAvo factors alone account for the decrease in potential after histamine. 

The relationshij) between secretion and 'potential. An examination of the data 
presented in this paper rev'eals that the relationship between the gastric potential 
and secretion is a complex one. The conclusion of Sarre (14) and of Quigley 
et al. (10) that the potential plaj's no r61e in secretion seems unjustified in the 
light of the evidence presented in this paper. The fact that a marked depression 


of the potential beloAv the secretoi^'^ level is associated Avith a marked decrease 
in the secretorj’^ rate is evidence in favor of the hypothesis that the potential 
plays a r61e in secretion. ObAdously more AA'ork should be done AA-ith other 
agents that depress the potential of the secreting stomach. On the other hand, 
one might assume that the initial decrease in potential after histamine stimula- 
tion AA'ould indicate that there is less electrical energj’’ available in the secreting 
than in the resting stomach. HoAA'eAmr, the exact opposite may be true since 
a consideration of the properties of electrical netAA-orks reveals that a decrease 
in the potential across the stomach might be associated AA'ith a marked increase 
in the electrical energj' output inside the stomach, i.e,, a decrease in the re.sis|- 
anee of a shunt inside the stomach perpendicular to the surface AA'ould 
in an increase in the current floAV inside the stomach and a decrease in the 
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drop across the stomach wall. The fact that there i.s a decrease in the potential 
of the resting stomach after application of HCl solutions raises the interesting 
question as to whether energy has to be expended under these conditions to 
prevent HCl from penetrating the mucosa. 

Nothing has been said in the above discussion about mechanisms that might 
be responsible for the modification of the potential at the interface between the 
mucosa and the external fluid. In the writer’s opinion more information is 
needed concerning such things as the site of HCl formation (see Hoerr and 
Benslcy (3), Hollander (4), and' Henning (2)), the peiTueability of the resting 
and secreting stomach, the changes in resistance of the stomach after histamine 
stimulation, and the mechanism of the production of the gastric potential (see 
Lung (G), Mansh (8) and Korr (5) for evidence that the chemical potential 
energy of cells may manifest itself as electrical potential) before a discussion 
of these mechanisms would be profitable. 

SUMMARY 

A method is described for the mea.surement of the gastric potential and the 
rate of secretion of hydrogen ions from the same portion of the stomach. It was 
found that the potential of the non-secreting stomach, when saline was in contact 
with the mucosa, was iiotween 70 and 95 mv. Histamine stimulation was 
followed by a decrease in the magnitude of the potential. The potential after 
reaching a new level remained relativelj' constant while the secretoiy rale con- 
tinued to increase. 

In an attempt to dctcimine the effect of the difitusion potential between the 
gastric secretion and the saline on the gastric potential, HCl solutions of a pH 
range of that of the gastric secretion were placed in contact with the mucosa 
and the effect on the potential was determined. The increase in potential fol- 
lowing this procedure was alwaj's less than the magnitude of the original decrease 
after saline. Application of HCl solutions of the above pH range to the resting 
stomach was followed by a decrease of the potential. After the HCl was re- 
placed by saline the potential of the resting stomach graduallj' increased to 
approximately its original level. Histamine stimulation, while the potential 
was still depressed, was followed by secretion and comparatively little change 
in the magnitude of the potential. With a phosphate buffer in contact with 
the mucosa histamine stimulation was followed by a typical decrease in the 
potential. The r61e of these factors in the deciea.se of the potential after his- 
tamine stimulation is discussed. 

It'was found that application of HCl solutions to the secreting .stomach and 
subsequent replacement with saline resulted in some experiments in a marlced 
decrease in the potential. It was found that this decrease in the potential was 
associated with a decrease in the secretory rate. 

On the basis of the results obtainctl in the.so cx{>eriments an attempt has been 
made to reconcile the conflicting reports in the literature on the relationship 
l.iQtween gastric secretion and potential. 
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Experimenters in the field of obesity are aware of the contro\'ersy which still 
exists concerning the relative importance of lesions of the hj-pophysis and of the 
h3^pothalamiis as causes of experimental obesity, Frohlich (I) and Crowe, 
Cushing and Homans ( 2 ) are among those who attributed to lesions of the hj'- 
pophj'sis a dominant role. Aschner ( 3 ), Erdheim ( 4 ), Bailej' and Bremer ( 5 ), 
Camus and Rouss}* (G), Smith ( 7 ), Grafc and Griinthal (S), Economo ( 9 ) and 
others have declared that lesions of the hj-pothalamus alone mat’ gi\’e rise to 
obesiU'. In the opinion of the authors, anaRsis of the literature j'ields evidence 
which supports the interpretation that cither a lesion of the InTDoplD-sis or of the 
hypothalamus or both together maj* lead to obesitj'. Little or no explanation as 
to how such lesions may cause obesitj- has been offered. 

In this paper observations on the cfi'ect of removal of the h^^)oph3'•sis and of 
various lesions of the hN'pothalamus on fat storage in the dog are presented. It 
has been found that cither a removal of the hj'pophj’sis or the production of a 
lesion of the h^-pothalamus resulting in partial or complete destruction or de- 
nervation of the paired para^^cntricular nuclei may cause obesity. The addi- 
tional bilateral destruction or denervation of the supraoptic nucleus enhances the 
rate of development of the obesit\\ The maximum degree of obesit}’ follows a 
properlj* placed hj'pothalamic lesion without removal of the InTJOphysis. Follow- 
ing such a lu'pothalamic lesion there occur a loss and degeneration of the basophil 
cells of the hypophj'sis. The adrenal cortex does not atropln- ; indeed, the animal 
becomes in a manner sensitized tothis hormone, therebj* favoringgluconeogcnesis. 
This is l>elieved to be significant m the pathogenesis of obesit3’ through an effect 
on hunger and on fat formation and storage. The depression of tluToid and 
gonadic function which follows removal of the h3'poph3'sis or degeneration of its 
basophil cells also in itself leads to ol>esit3' at a slow rate, particularl3’ when the 
dogs so modified arc caged and given an ample food suj)pl\'. A rapid gain in 
weight is invariabh* accompanied b3* a large food intake. It is concluded that 
the development of obesit3' is an expression of an excess of food intake over food 
requirements and not of an}' abnormal metabolic processes. With carboh3'drate 
available, fat formation and storage are facilitated. 

ALaterials and methods. Mongrel dogs were used as experimental animals. 
Most of them were kept in metaboli.sra cages from one to three months to es- 
tablish their weight and to determine their normal dailv' urine output. The}* 
were fed measured limited amounts of dog chow and horse meat except when for 

* Recipients of a praut-in-aid of reseitreb from the Common'.vcnUIi Fund. 

“On lorwo of absence fornuHtury duty. 
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expei-imental purposes unlimited but measured quantities were allowed. - A few 
normal dogs were kept in cages for 6 months to 2 years under, the standard con- 
ditions noted to serv^e as controls, while the remainder were subjected to various 
operative procedures. At least 10 to 20 animals of each of the different groups, 
proven so by thorough examination of serially cut microscopic sections of es- 
sential tissues were available for stud}'. In this paper, to conserve space, the 
results on only a few of each class will be presented. The results on the others 
of the classes conformed with those reported on. 

The required operations on the hypophj'sis and the h 5 'pothalamus were carried 
out through the oral approach under nembutal anesthe.sia and designed so as to 
jneld the following groups : 

1 . Simple hypophysectomy dogs ; those in which the entire glandular hypophy- 
sis, the .stalk and the posterior lobe of the neural hj'pophysis were removed. 
The median eminence was not appreciably, if at all, injured. 

2. Total hj^pophysectomy dogs; those in which the entire glandular and neural 
divisions of the h}'poph 3 ’sis were removed, i.e., the median eminence was in- 
cluded. 

3. Puncture dogs; these were subdmded into three groups. A. Those in 
which the stalk was severed, care being taken to disturb the h 3 'pophysis as little 
as possible, and then with a small scoop the median eminence was removed and 
a puncture wound made into the posterior h 3 'pothalamus to sever the fibers 
passing caudall}- from the paired paraventricular nuclei. 

B. Those in which after seveiing the stalk and removing the median eminence 
the puncture wound was made rostrall}' in the central portion of the anterior , 
hA’pothalamus. 

C. Tliose in which after severing the stalk a pimcture wound onh' was made 
in the mid-posterior hypothalamus deep enough to interrupt the fibers coming 
from the caudal portion of the paired paraventricular nuclei. 

The dogs in the various classes were then observed for periods var 3 'ing from 
5 to 30 months. The}' were kept under dietaiy conditions similar to those used 
before operation. Periodical!}', both before and after operation, unlimited 
amounts of dog chow and meat were allowed for a period of a Week and the 
amount of food eaten measured. It was hoped that the amounts consumed 
before and after operation would seiwe as a measure of the dog’s hunger or state 
of .satiation. Daily urine measurements were made and weekh' records kept- 
Periodically the blood glucose and the blood cholesterol le^'els were determined. 
Insulin and .sugar tolerance determinations also were made. After the period 
of obseiwation the dogs were sacrificed and completely autopsied. On a limited 
number of dogs from each of the classes liver glycogen and liver fatty acid de- 
terminations were made in the postabsorptive stage (16 to 24 hrs. after a last 
meal) at the time of sacrifice. 

At autopsy the brain was perfused in situ with 10 per cent formalin and then 
fixed in this solution for several days. Then the hypothalamus was removee , 
.serially .sectioned at 20 microns and ever}' third slide stained with cres}'I violet. 
Tlie sella and its contents were similarly .sectioned at 20 microns and stained vit i 
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hematoxylin and eosin. The sellar contents from manj' of the dogs of group 3 
were separated carefull}' from the bone after fixation to eliminate the necessity 
of using decalcifjnng agents and to permit staining of the hypophysial tissue for 
differentiation of cell types according to the method of Rasmussen. Such tissue 
was serially sectioned at 5 microns. 

Among the other organs and tissues studied for this research were the thjToid, 
the pancreas, the liver, the adrenals and the gonads. Care was taken to obtain 
sections from 5 to 7 different areas of the pancreas. The.se were stained with 
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Fig. 1. Plots of percentage gain in weight against time after caging or caging and opera- 
tion. 1 and 2, normal dogs ; 3, normal for 6 month.? and then simply hypophyscctomized; 4, a 
Biraple hypophyscctomy dog; 5 and C, total hypophyecctoray dogs; 7 and 8, puncture dogs. 

hematoxylin and eosin and according to the method of Masson and the Mallory- 
azan technique. 

Results. Analysis of Ihe body weight and vrinc charts. Nonnal dogs kept 
under the conditions outlined above vary in their response as regards body weight. 
Certain breeds which are known to have a tendency to gain weight with age may 
in 2 years of observation exhibit, a definite but slowly developing weight gain of 
from 30 te G5 per cent, while other type.s may .show only a slight weight increase 
from 0 to 10 per cent ffig. 1). It has lx?cn learned from our experiences in at- 
tempting to establish a base line for normal dog.s for comparison with dogs modi- 
fied by operative procedures that ideally, pure bred dogs, of a breed which doe.? 
not normally exhibit a definite tendency to obe.?ity, .should l>e chosen for an 
investigation of exix'rimental obesity. 
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With increasing obesitv normal dogs exliibit no alteration in urine output 
(fig. 2). 

Simple- hypophysectoniy dogs exhibit a definite tendency to obesitj'. The 
development of their obesity is slon* but definitely more rapid than that which 
occurs in the normal dog with spontaneoush* developing obesit}". Such dogs 
may exhibit an increase of 30 to 85 per cent over their original weight after 2 
years of obseiwation (fig. 1). The weight curves of simple hypophysectomy dogs 
indicate that conclusions as to the effect of the procedure on obesit}* must not he 
drawn before an adequate period of time has elapsed. In healthy animals after 
long periods of observation, i.e., to 2 years or more, the degiee of weight 
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Fig. 2, Plots of urine output against time after caging or after caging and operation of 
dogs whose weights are shown in figure 1. 


increase is from 20 to 30 per cent greater in simple hj’poph3'’sectomy dogs than 
in normal dogs with a definite tendencj* to obesity. 

The urine output of this class of dogs is normal, or normal with an occasional 
slight increase over the noimal (fig. 2). 

Total ht'popht-sectomt' dogs exhibit a much more rapidty developing obesity- 
The degree of weight increase in the first j'ear after operation is usualh'definitel} 
greater than that of the simple hjqjophj'sectomj- dog but after 2 or more j’cars of 
observation the 2 classes e.xhibit verj” similar weight increases (fig. 1). 

Total h\'poph\'sectom\' clogs exhibit a permanent and marked diabetes 
insipidus. 

Puncture dogs of the group A class e.xhibit the most rapidh” developing and 
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the greatest degree of experimental obesity. After 2 or more years of observa- 
tion the weight increase may reach 150 per cent above the preoperative level 
(fig. 1 ) . The degree of increase is gi-eater than that exhibited by the other classes 
of dogs. Such dogs are modified by the operation in a manner which results 
during the period of rapidly developing obesity in a greater food intake than in 
any of the other classes of dogs. 

Puncture dogs exhibit a permanent maximum diabetes insipidus (fig. 2). 

Group B dogs exhibit only a slowly developing moderata degree of obesit.y. 
It has not been possible to iiroduce a lesion which leads to a state of inarkcfJ 
(Uabetes msipidKS without the development of any obesity. From the clinical 
literature it is evident that in man such a condition is possible. It is felt that, 
in the dog complete bilatei-al destruction of the .supra-optic nucleus alone would 
cfTect .such a re.sult but this can not be accomplished by our method of operation. 
Always in our dogs with destruction or denervation of the supraoptic nuclei the 
median eminence is removed and this is as.sociated with a mechanical loss or a 
retrograde degeneration of part, of the cells of the rost ral portion of the para- 
ventricular nuclei. 

Groui) C dogs exhibit a rapid, marked increase in weight. The amount of 
weight increa.se is slightly Ic.-^s in our experience than when the entire supra- 
opt.ico-hypophysial system is destroyed. From an analysis of our data the 
impression is gained that complete or marked loss of pitre.^sin aids in the develo))- 
ment of obesity. It is realized that the degi-ee of flilTcrence in weight increase 
between dogs of the and C groups of this class of dogs might have been found 
to be within the range of variation for tho.^e of group A if the number of dogs 
ojierated on had been larger. There exists, however, a possible anatomical 
basis for a difTercnce between these two group.s of dogs. Thus the destiTiction 
or denervation of the i)aired jiara ventricular nuclei which results in oliesity is 
])artially elTectcd in total hypo])hy.<ectomy dogs becau.'^e, as before stated, de- 
struction of the median eminence re.>^ults in a markcfl loss of cells from the rostral 
portion of this nucleus. This cell lo.ss conceivably may be of significance in 
effecting those changes in the body which lead to the obe.sity which is evident 
in greater degree on destruction of the major portion of the entire paraventricular 
micleus through a posterior h\-i)oihalamic punctiire. 

Annloviic.nl studies. Microscopic examination of the hypoplysis and the 
hypothalamus from 2 normal dogs wliich became markedly obese showcfl both 
to be cytologically normal (tig. 3). Microscopic examination of the adrenals, 
the gonads, t he liver and the jiancreas reveals nothing obviously abnormal. The 
thyroid gland of one showed l<tw acinar epithelium with inspi.^-sated (sdluid, 
that of the other showed large but vacuolated cells without colloid formation. 
Such a finding has been reported for the hibernating hedgehog by Peiser (10). 
The distribution of the accumulated fat was similar to that found in dogs wliich 
became tibese a.ftcr llu' openttive jjrocedums. 

Examination of the hypothalamus after simple liypophy.-ectomy reveals an 
SO to S.5 ]>er cent loss of the cells of the supraoptic nuclei. The paniventrictilar 
nuclei are practically unaffected (fig. 4). 
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Total hjTiopliysectomy, i.c., median eminence included, results in a complete 
loss of the cells of the supraoptic nucleus and a 30 to 50 per cent loss of the cells 
of the rostral portion of the paraventricular nucleus. No other nuclei or hypo- 
thalamic areas are appreciabh' afYected (fig. 5). 

Simple and total h^iiophysectomy results in changes in other tissues and endo- 
crine glands which ai-e of significance in our problem (figs. 4 and 5). The fat 
storage which results occurs in the subcutaneous tissue of the neck, the trunk, 
the abdominal wall and the extremities. There is an increase of fat in the peri- 
cardium, in the omentum, in the retroperitoneal areas, particularly in the jiori- 
renal regions. There is no obvious structural dilTerence in the fatty tissues 
grossly or microscopically, from similar fatty tissues of the normal dog. 

To determine the hypothalamic lesion responsible for fat storage lesions were 
made in more than 200 dogs. At various intervals after the operation the flogs 
were sacrificed and the hypothalami serially .sectioned and stained for cells with 
cre.s^d violet. It can be stated from a correlation between the histological 
Ie.sion and the ctTect on bofly weight that lesions of the antei'ior hyjmthalamus 
alone do not cause obesity. Lesions of the posterior hyjjothalamus do. From 
ob.scrvations .such as are depict etl in figure G on flogs 9 and 10 it was suspected 
that the bilateral deslructif)n or degeneration of the paraventricular nucleus 
was the c-s-scntial lesion. 

In each of the.«e 2 dogs a lesion, caudal to the region of the jjara ventricular 
nuclei was made in the posterior hypothalamus. The pars distalis and poste- 
rior lobe also were remo\’cd in both, but the median eminence was not flisturbed 
appreciably. Thc.«o 2 dogs were clurscn becau.ec of a critical difference in their 


Fig. .3. rJiotomicroprai)lis of lis.sucs from dog 2, a normal flog which became obese. A. 
supraoptic nuclcu.s X •15; 13. paraventricular nucleus X 15; C. thyroid gland X GIO. Note 
the absence of colloid, cytoplasm vesicular. D. pancrc.'is X 15; E. adrenal X 45; F. ovary 
X -to. 

Fig. 4. Photomicrographs of tissues from simple hypoj)hysectomy dog 4. A. supraoj)tic 
nuclei X45; at least 20 per cent of the cells remain. 13, paravenf ricular nucleus X 45, caudal 
portion. C, thyroid gland X 45. Xoto small acinar, inspissated colloid, many acini with- 
out colloid. D, pancreas X 45 showing hyperplasia and hyiiertroi)hy of islets. K, adrenal 
X45 showing inarkcfl atroj)hy of the xona fasciculata and tif the ::ona retucilaria. The zona 
glomerulosa is of normal width l)Ut the nuclei are pale staining, the cytoplasm vesicular. 
The medullary tissue also is atrophied. F, ovary X 45. Note tl»e atretic follicle.s, absence 
of mature follicles. 

Fig. 5. Photomicrographs of tissues from total hypophysectomy dog 5. A, supr.'ioptic 
nucleus X 45. Note absence of cells. 13, paraventricular nucleus X 45, caudal ])nrtion; 
at least SO to 85 per cent of the cells present. C, thyroid X 45. Note flat acinar epithelium, 
many acini without colloid. D. pancreas X 45. E, aflnmal X 45. Note m.arked atrophy 
of .all zones cNcept the glomcndar. Tlie cells in this show pale staining nuclei, the cyto- 
pl.nsm is vesicul.nr ainl the meibdbi is atrophied. F. ovary X 45. Note only immature 
follicles. 

Fig. ft. Photomicrographs of tissues from dog S. of the puncture type. A. supraoptic 
nucleus X 22. Note absence of cells. 13. paraventricular nuck-u.' X 22. camial jmrtion. 
Note absence of cells. C. thyroid X 22. D, pancreas X 22. The islets are small, the cells 
show degenerative clianges. E. adrenal X 22. Note tlic. norm.ality of the zones, F. 
ovary X 22. Note absence of mature follicles. 
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lesions. In one, which became obese, the cells in the caudal portions of the 
paraventricular nuclei are absent (retrograde degeneration) ; in the animal which 
did not become obe.se the nucleus has its normal length (fig, 7). The shortening 
of the paraventricular nuclei in the obese dog is due to retrograde degeneration 
of the cells following the interruption of their axons b\'^ the posterior hypothalamic 
puncture. The puncture in the other dog did not sever the.se ax'ons. The para- 
ventricular nuclei give rise to fibers going to the neural divisions of the hypophy- 
sis and to fibers which descend down the brain stem. 

After this observation all our material was rechecked and a definite correlation 
between the degree of obesity and the degree of bilateral destruction or cell loss 
of the paraventricular nuclei established. 



20 60 lOO 3 23 43 63 83 103 
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Fig, 0. Plots of percentage increa.sc in weight again.st time and of urine output in days 
after operation for dogs 9 and 10. 

The cell lo.s.s of most significance in causing obesit.y is from the caudal por- 
tion of the nucleus and must be bilateral. The rostral portion of the paraven- 
tricular nuclei innervates principally the median eminence and these cells prob- 
ably innervate mostly or only pituicj’ies (lieinbecker and White, 11). The 
ma.ximum degree of obesity results when the entire paiuventricular nucleu.s 
di.sappeai's, partial lo.ss results in only moderate obe,sity. Bilateml destruction 
of the lateral mammillary and of the mammillaiy nuclei does not lead to obesity. 

Support for the above conclusion also has been found in the hi.stological studies 
of the Injiothalami of 4 cases of Cushing’s .syndrome in all of which obesity u'as 
j)rc.sent. In this material (Hcinbecker, 12) the es.sential and sometimes onb' 
lesion pre.sent is a marked lo.ss of cells in the paired paraventricular nuclei. 

In the hypophy.sectomized dog the th^yroid glands (figs. 4 and 5) are reduced 
in .size. Micro.scopically the amount of colloid is greatb’’ reduced and often 
markedly inspis.sated. The acini are .small, many of them being without a lumen. 
Often large acidophilic cells are seen within and also apparently outside the acini. 
There is a con.siderable increa.se in fibrous ti.s.sue and in lymphoid infiltration. 
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The gland appears to lack the stimulus for the formation and the release of 
colloid. 

The adrenal glands (figs. 4 and 5) are greatl.y diminished in size. Micro- 
scopically they show a marked increase in the amount of fibrous tissue in the 
capsule of the gland. There is a diminution in the width of the cortex. In dogs 
autopsied 2 years or more after hypoplu'sectomj" the fascicular and reticular 
layers maj’- be almost completely atrophic, with the glomerular layer e\'en some- 
what taller than in the normal gland but the cells paler staining and more 



Fig. 7 Fig. S 

Fig. 7. Photomicrograplis 12.5 dianiotor.s of frontal sections tlirougli the hypothalami 
of two dogs 0 and 10. Note in dog 0 tlie paraventricular nucleus ha.s ended at a level still 
in the optic chiasma .and more rostral than the section shown from dog 10, caudal to the 
chiasma, in which the nucleus is still present. 

Fig. S. Photomicrograph X 340 from anterior lobe of hypoi)hysis of dog S showing eo.^ino- 
phils ami chromophobes with no basophils remaining. 

vesicular. After this longer ])eriod the medulla, too, becomes appreciably 
altered. It is atrophied, with the remaining cells showing marked degenerative 
changes. Earlier, i.e., 0 to 12 months after hypojdiysectomy, the cortex may 
simply be narrowed in all its layers while the medulla may .show little obvious 
change. 

In the female the ovaries (figs. 4 and 5), the breasts and the uterus .show 
marked gross atrophy. Histologically there is .seen a failure of the follicles to 
mature. In the dogs sacrificed after 2 years the interstitial ti.^^.sue is atrophic, a 
condition not apparent in the dogs .<acririced early. In the male the te.'-tes are 
atrophied to one-third or le.«s of their normal .'-ize. On microscopic examination 
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there is marked atroph}' of the glandular elements with a failure of spermato- 
genesis. In the dogs sacrificed 2 j^ears or more after operation the interstitial 
tissue also is obviously diminished in amount. 

The pancreas (figs. 4 and 5) grosslj'' show variable changes. On microscopic 
examination the acinar tissue is normal. The islets in some show definite 
hj'pertrophy and hyperplasia, in others there may be an atrophy with an appar- 
ent diminution in the number of the islets, in others no obvious deviation from 
the normal is apparent. It is the impression of the authors that the changes in 
the pancreas are probabl 3 ’' the result of changes in other structures rather than 
a direct e.vpression of the loss of the glandular hj^rophj’-sis. 

The liver in health}’- operated dogs is grossl}" normal. jMicroscopicall}’- the 
liver cells are well preserved except when before sacrifice there has been some 
weight loss and a decrease in food intake when fattj^ infiltration maj^ be marked. 
With increasing time after operation there is an increase in fibrous tissue through- 
out the liver. 

Man}’^ of the above descrilied effects of hj^roplresectom}’- have been noted also 
b}’^ others. The}’- are described in order to compare the effect on similar stnic- 
tures of a hypothalamic puncture in the posterior hypothalamus so placed that 
degeneration of the paraventricular nuclei follows. The hypophysis is disturbed 
as little as possible but the stalk must be severed to approach the posterior 
hypothalamus by this route. In .such a dog the size of the remaining glandular 
h}rpophysis may be almost normal or reduced by as much as 50 per cent, depend- 
ing on the degree of trauma at operation. The hypophysis remaining is ade- 
quate to insure a normal insulin tolerance and a normal renal blood flow (White, 
Heinbecker and Rolf, 13). 

Examination of the glandular h}’pophysis reveals in all instances an almost 
complete loss of the basophil cells, the few remaining ones being deprived of 
their granules (fig. 8). The eosinophils are relatively increased in number 
because of the loss of basophils. The possibility of an increase in eo.sinophils 
exists but no count to determine their actual number has been made. The 
chromophobes are not abnormal. 

The gro.ss and microscopic appearances of the thyroid, the pancreas and the 
liver are similar to those exhibited in the.se organs after simple or total lyiio- 
physectomy (figs. 4, 5 and 9). The ovaries show some atrophy and a suppre.ssion 
of the noimal maturation of their follicles, the testes fail to .show normal sperma- 
togenesis but the interstitial tissue of the gonads appears noimal. The greatest 
difference occurs in the adrenals. Here there is no gross or microscopic atrojihy 
as occurs after h}q5ophy.sectomy. In.sufficient material is available to answer 
the question as to whethei' or not there is a h}’ 7 ier trophy. If there is, it is not 
sufficiently marked to be obvious. 

The distribution of the fatty deposits is similar to that .seen in extremely 
obe.se normal dogs or in obese dogs after hypophysectomy. The use of special 
stains has shown the abnormal depo.sits of fat in the .skin to be composed of 
neutral fat and cholesterol (Liebermann-Burchardt reaction). 

FuncHonaJ studies. The blood glucose values (Somog}’i method) after IG to 
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24 hours of fasting for 15 normal dogs based on 2 to 8 observations for each dog 
varied from 80 to 65 mgm. per cent with an average value of 76 ragm. per cent. 
Values obtained for the fasting blood glucose of 8 simple hypophysectomy dogs 
with 2 to 8 observations on each dog varied from 79 to 50 mgm. per cent with an 
average value of 65 mgm. per cent. Similar observations on 6 total hyjiophysec- 
tom 3 ^ dogs gave values from 67 to 55 mgm. per cent with an average of 60 mgm. 
per cent. For 7 puncture dogs the values ranged from 87 to 55 mgm. per cent 
until an average of 72 mgm. per cent. There is a greater fluctuation in the 
values for the puncture and simple h 3 'poph 3 \sectomy dogs than for normal dogs. 
Total hj^pophysectomi' dogs have a somewhat lower blood glucose level than 
simple hj^pophysectoni}' dogs but the values also' fluctuate markedly. Our 
observations confirm the fact established b.v others that loss of the glandular 
ltypoph 3 ^sis results in a rapid fall in the blood glucose level with fasting. Punc- 
ture dogs on the other hand withstand fasting without the dc^^elopment of 
dangerouslj’’ low hj'-poglj'cemic levels. 

The insulin sensitivitv of simple and total lyvpoplyvsectomi' dogs is greatl.v 
increased, that of the puncture dogs is unchanged. 

The instability of the blood glucose levels in hypoph^-sectomj' and puncture 
dogs is regarded as a significant factor in causing such dogs to e.vperience hunger. 
Hunger is manifested most clcarl.v bj* the puncture dog. 

Evidence of increased activit.v in the h 3 'pothalamus and other regions of the 
brain stem during the downward shift of the blood glucose level following the 
administration of insulin has been presented 1)3’- Bartle 3 ' and Heinbeckcr (14). 
According to Kabat et al. (15) stimulation of the hypothalamus results in 
inhibition of peristalsis of the stomach and of the small intestine. It would be 
reasonable to expect that on e.xcitation of the brain stem of a dog in which the 
inhibitoiy region, i.e., the h3T3othalamus, had been functionalh' eliminated, 
there would occur increased peristalsis of the stomach and .small intestine because 
activit 3 ’ of the exciting or paras 3 'mpathetic S 3 'stcm would be facilitated. The 
excitation of cells in the brain stem caused b 3 * a downward shift of blood glucose 
could also dirceth' stimulate the cells through which the sensation of hunger is 
experienced. The 3 ', in turn, could be expected to activate the neural mecha- 
nism through which the peristalsis of the stomach and of the small intestine is 
increased as it is during hunger. 

The cause of the rapid depre-ssion in blood glucose level in lu'fDoplyv.sectomized 
dogs is to be found in their high ti.ssuc utilization of carbolyvdrate (Russell, 16), 
their insulin sensitivit.v and their dcpres.sed adrenal cortical function. The 
greater abilitA' to utilize carboh 3 'drate presumaVjh- would decrease the use of 
fat and pemiit its storage, particularh' when the general metabolic flemands are 
lessened because of a depression of tln'roid and gonad function. 

In’ puncture dogs the adrenal cortex does not atrophy. The abiliti' of the 
blood sugar level to i>e maintained at a higher level on fasting than in In^pophATec- 
tomized dogs is taken as evidence of functional capacitA- of the adrenal cortex. 
The evidence that puncture dogs are sensitized to e.NOgcnous adrenal cortical 
hormone iii its infiuence on renal blood flow (Hoinl>eckcr. Rolf and AVhite, IS) 
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cannot be regarded as final evidence that they are sensitized to it as a modifier 
of carbohydrate metabolism but it suggests the possibility.® Further ewdence 
in support of the concept of exaggerated or unbalanced function of the adrenal 
cortical hormone has been furnished by McQuarrie et al. (18) in their study of 
cases of Cushing’s syndrome. In such cases, some associated with an adrenal 
tumor and some without such an association, the blood sodium lei'el has been 
found elevated, the blood potassium level depressed. In similar cases not due to 
an adrenal tumor the primary pathologj’^ has been found to be an atrophy of the 
paired paraventricular nuclei in the hypothalamus (Heinbecker, loc. cit.). The 
effect of the adrenal cortical hormone, increased because of its increased amount 
in tumor cases and because of a hormonal imbalance in the others, could be 
expected to increase gluconeogenesis and directly or indirectly to increase fat 
foiTnation from glucose and aid in its storage. Evidence has been presented by 
Brobeck et al. (19) to show that in rats which became obese after a Iniiothalamic 
injury, the conversion of carbohydrate to fat is increased. 

There is no experimental evidence to indicate how extracts of the adrenal 
cortex lead to increased fat storage. It maj’^ be that fat storage is increased 
because the gi’eater amount of carbohydrate available through gluconeogenesis 
lessens the necessity for fat utilization and thereb}’’ leads to its storage. In 
puncture dogs the caloric requirements too are lessened because of a depression 
of thyroid and gonad functions resultant from a loss of basophil cells in the 
hypophysis. The circumstances are such that food intake is well maintained 
and food requirements are lessened; under them obesity would be expected 
to follow. 

Liver glycogen values 16 to 24 hours after the last food intake were obtained 
in a .small number of dogs. In 1 normal dog the liver glj’cogen was 9.12 mgm. 
per cent; in 1 simple hypophysectomy dog, 7.1 mgm. per cent; in 1 total hypo- 
ph 5 \sectomy dog, 6 mgm. per cent; in 4 puncture dogs, 9.3 mgm. per cent, 5.4 
mgm. per cent, 6.8 mgm. per cent and 5.8 mgm. per cent, respectively, the last 
being a 3 months-old puppjL The .saponifiable liver fatty acid for the normal 
fat dog was 0.297 mgm. per cent; for the simple hypophysectomy dog, 5.35; 
for the total hypophj'sectomy dog, 4.62 mgm. per cent; for 3 of the puncture 
dogs, 3.73 mgm. per cent 4.6 mgm, per cent and 1.67 mgm. per cent, the last 
reading being for the 3 months-old puppy. The liver glycogen values indicate 
a high carbohydrate reserv'e, adequate to permit a minimum utilization of fat 
for metabolic needs. The livers did not .show fatty infiltration on microscopic 
examination. 

Blood chole-sterol values (modified Bloor method) for 13 normal dogs aver- 
aged 140 mgm. per cent; for 3 .simple hj^ophy-sectomy dogs, 223 mgm. per cent; 
for 5 total hj’-pophy.sectomj'- dogs, 299 mgm. per cent; and for 10 puncture dogs, 
194 mgm. per cent. From these results it appears that obesity in adult dogs is 
associated with an elevated blood cholesterol but there is no coi'relation between 
the degiee of obe.sity and the degree of elevation of the blood cholesterol. The 

*The tissues sensitized include the cells of the glandul.'ir hypotlu'sis. 
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fatter puncture clog has a lower blood cholesterol than the fat total hypophysec- 
tomy dog. 

It is of intere.st to note that hypophysial extract^ lowered blood cholesterol 
in simjdy hypophysectomizcd fat dogs from an average value of 250 ragm. iier 
cent to 110 mgm. per cent. It did not change the blood chole.sterol of puncture 
or of normal dogs appreciably. Adrenal cortical extract (Upjohn®) given subcu- 
taneously 4 to 8 cc. daily elevated the blood cholesterol of simplj' hypophysec- 
tomized fat dogs from an average value of 223 mgm, per cent to 315 mgm. per 
cent; of totally hypophy-sectomized fat dogs from an average value of 299 mgm. 
per cent to 460 mgm. per cent; of fat puncture dogs from an average value of 
■ 194 mgm. per cent to 315 mgm. per cent. This dosage did not alter the normal 
dog’s blood chole.sterol. Thyroid extract, 1/10 gram per kgm. of body weight 
per day for 14 days, lowered the blood cholesterol of fat puncture dogs from an 
average value of 194 mgm. per cent to 135 mgm. per cent; of normal dogs from 
an average value of 140 mgm. per cent to 80 mgm. per cent. 

Observations were made to estimate the effect of the various operative pro- 
cedures on food intake on 2 dogs in each class. The amount of food taken when 
given in .unlimited amount for a week before operation was compared with that 
eaten at various periods after operation. The results indicate that under such 
circumstances both normal and operated animals eat large quantities of food 
but no striking difference was noted between the normal and the various oper- 
ated classes after operation, .-Vny 20 to 30 kgm. dog given unlimited food will 
cat between 1 to 2 kilos of meat plus 0.25 to 0.50 kilo of dog chow per day. 
.During the period of rapid weight gain in operated dogs their appetite is particu- 
larly good, that of the puncture group always being striking. About 1 dog in 
3 of the simple and total h\'i5ophysectomy gi-oups and of the puncture groups 
after 1?. or more years of good health and weight gain will suffer a diminution 
in their water and food intake and become emaciated. M autop.sy the precipi- 
tating cause invariably found has Ijeeu a basilar meningitis particularly marked 
in the region of the hypothalamus. Such dogs show fatty degeneration of the 
liver. The islets of the pancreas frequently are markedly diminished in number 
and size. It is interc.sting to note that dogs previously exhibiting marked 
diabete.^ in-sipidus lx?cause of a proven loss of cells of the .supraoptic nucleus 
nevcrtheles.s under such circum.stancos lo.se their thirst and have a normal or 
diminished urine output. 

It is felt that our findings are consistent vith the interpretation of Kabat and 
his associates (loc. cit.) that obesity in the rat develops on the basis of an increa.se 
in food intake but dogs do not exhibit the same degree of increase in hunger a.s 
do rat.s after appropriate hypothalamic le.sions. 

Pa}}iogcnc$i.<i of cxpcrimcnlal obesity. Conditions which lead to a degnK? of 
ol>e.sity which surpasse.'^ that which occurs spontaneously in .some normal dogs 

* Prdotinn Xiphanoid sapjilicil throupli the pcaerodty of the Winthrop Chcniicnl 
tNuitjiany. 

' The ndreiKsl coriscai oxtrc.ct '.va® supplied in p.nrt tJsrouch the kindncs.s of the Upjohn 
Company. 
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with caging or age, and in simple or total hypophysectomy dogs, exist in the 
puncture dog. Two essential features, the gross normalit}’- of the adi'enal glands 
and the increased sensitivity to exogenous adrenal cortical hormone, set this 
class of dog apart and are considered responsible for the abnormal storage of 
fat. Long et al. (20) have shovni that adrenal cortical hormone is capable of 
augmenting gluconeogenesis. The additional carboh 5 ’'drate formed thereby 
would be expected to lead to a greater utilization of carbohydrate for necessary 
bodity requirements and to lessen the demand for fat. Under such circumstances 
any excess of ingested fat or fat formed from excess carbohydrate intake or 
formation would be available for storage. 

Support for the concept that adrenal cortical hormone leads to fat storage 
is found in the work of Hewer (21) who showed that the administration of lipoid 
extract of the adrenals of beef to rats results in obesity. Similar evidence has 
Leen presented by McKinle.y and Fisher (22) and bj- others. 

Clinical evidence also is available to indicate that adrenal cortical hormone 
is concerned in the development of obesity. Thus in cases of adrenogenital 
sjmdrome due to an adrenal tumor, abnormal obesity is characteristicalty present. 

Additional factors which doubtle.ss aid in the speed of development of obesity 
not only in puncture dogs but also in the simple and total hypoph}^sectomj'' dogs 
are the depression of thjToid and gonad activity. 

It has been found b}’ Biedl (23) and ourselves (unpublished data) that total 
thyroidectomy in the dog leads slowly to a loss of weight, possibly in part 
because of a depression of appetite. In our experience the moderate depression 
of thyroid activity diminishes bodily requirements for nutritive material but 
permits a maintained food intake and therefore storage of fat can and is known 
to occur. It has been established in the human that the weight increase in 
hj’pothyroidism is not only due to fat but also to retained water. The depression 
of gonad activity likewise is knovix to lead to a depression of the basal metabolic - 
rate of about 20 per cent (Loewy and Richter, 24). With a maintained food 
intake storage of fat is known to occur. 

Because of the great increase in fat storage which can occur spontaneously in 
the apparently normal dog it seems unnecessary to postulate an abnormal mecha- 
nism for the formation and storage of fat in our altered dogs. No evidence for 
any such alteration in metabolism has been found, all differences being quantita- 
tive rather than qualitative. Genetic factors undoubtedly exist but the manner 
in which thej’’ exert their influence is unknown. In man the exaggerated influ- 
ence of or absence of certain hormones seems to some degree to determine the 
locale of fat storage. For example, in Cushing’s S 3 ’ndrorae the fat .storage occurs 
primarilj' in the face, neck and trunk whereas in hj'^pogonadism it is chiefl\' about 
the pubis and the hips. No such differences have been obseiwed in the various 
classes of dogs studied in this research. 

Our results have indicated a more rapid development of obesity when the 
supraoptico-hypophj'sial sj'stem innervating the pitressm-forming tissue was 
totalh' or nearh' totalh' inactivated; when total or nearty total diabetes insipidus 
e.xists. The appearance, activity and blood chole.sterol values, especialb' of the 
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puncture dogs, do not indicate that the loss of pitrcssin lowers the metabolic rate. 
Possibly the explanation for the. rapidity of their fattening is to be sought in 
evidence presented by Britton and Corey (25) and by othei-s, Avhich indicates 
that there is an antagonistic action between pitressin and the hormone from the 
adrenal cortex. It is conceivable therefore that the hormone of the adrenal 
cortex may become more effective when pitressin is lacking. Additional support 
for this concept is found in the clinical emdence that in Cashing’s sjmdrome due 
to an adrenal cortical tumor, pobmria is frequent. In such a case the sujira- 
optic and paraventricular nuclei have been shovm to be histologicalh' normal 
(ITeinbccker, loc. cit.). Under such circumstances it is felt that the secretion 
from the adrenal tumor jirobabh' is responsible directly for the neutralization 
of the effect of pitrc.ssin in preventing polyuria. As stated above another pos- 
sible explanation is to be found in our anatomical evidence that following removal 
of the median eminence there is a loss of cells, particularly in the rostral division 
of the paraventricular nuclei. Possibly some of the cells lost are of the class 
which normall.y send their fibers caudallj' to exert an influence similar to that 
exerted by other paraventricular cells in the caudal division of the nucleus, the 
loss of which ultimately causes the development of obesity. If, however, they 
arc concerned onh' in activating pituicytes in the median eminence their influ- 
ence on obesity would have to be considered indirect through an unbalanced 
increase in the effect of the adrenal cortical hormone. 

It is deemed unlikely that the fibers going to the median eminence from the 
paraventricular nucleus caase the secretion of a hormone whose loss is respon- 
sible for the disappearance of basophil cells from the hypophj’sis of puncture 
dogs, because of the knowledge that marked dial>etes insl]>idus may exist in 
humans without obesity and without a suppression of ovarian function .such as 
is associated with hyalinization of the basophil cells. Their presumed intactnc.ss 
in such crises would argue against the loss of pitressin being j-esponsible for the 
hyalinization of the basophil cells. This is also home out by the fact that stalk 
section, which results in considerable loss of pitressin, does not in itself load to 
hyalinization of the basophil cells of the hypophysis. 

It is of intemst to note that the cells of the two nuclei, supraoptic and para- 
ventricular, are of similar cytological character. De.struction of one of them, 
the supraoptic, leads to thirst and to polydip.sia, destruction of the other, the 
paraventricular, to hunger and to polyphagia. The rosf nil division of the para- 
ventricular may play a dual function. Some of the cells innervate, in part, the 
median eminence and therefore probably are concerned in the secretion of 
pitressin and thereby in the regulation of ivatcr balance while others as stated 
above may have an influence on obesity. The frcfjuent accompaniment of 
pathological otiosity with mild disturbance.s in water balance m.ay find an 
explanation in such .n dual function of the paraventricular nucleus. 

‘rherc remains unansweied the ijuestion as to how the los.s of the parai'cntricu- 
lar nucleus leads to regressive changes in the gonads and t«.».ch.'inges in carbo- 
hydnite metabolism and fat storage. These effects probably are initiated by 
chnngi's in the effect ii'cmcss of the adrenal cortical lionnone directly on carbo- 
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hydrate metabolism and indirectly through an influence on the basophil cells 
of the hypophj^sis. It is fairlj' certain that it is not through ner\mus pathways 
connected A\ith the S 3 ’'mpathetic or parasympathetic nervmus system, because 
no such changes are effected by complete sympathectomj'- or bj"- section of the 
vagus nerves beneath the diaphragm. It seems more probable that the fibers 
which pass caudally from the para\'entricular nucleus innervate cells vithin the 
brain stem which secrete a hormone which directlj’- or indirectl}’- influences the 
adrenal cortex or the basophil cells of the h3T)ophj’-sis, It is suspected that this 
ma3’- be in the region of the epiphysis because clinical and experimental evidence, 
admittedly not conclusive, has pointed to this region of the nervous S3'stem as 
having an influence on fat storage and on the sex organs. Investigations are in 
progress to trace the destination of the fibers descending from the paraventricu- 
lar nucleus. 

SUMMARY 

Experimental evidence is presented to show that obesity in the dog results 
from bilateral destruction or retrogi-ade degeneration of the paired paraventricu- 
lar nuclei, particularl3" of their caudal portions. , 

Marked obesity results when destruction or denervation of the neuroh3'- 
pophysis and destmction or retrograde degeneration of the paired caudal para- 
ventricular nuclei co-e.xist. 

Removal of the pars distalis itself in the adult dog results in a less marked 
and less rapid development of obesity but there does occur a slow -vi’eight increase 
which becomes marked with time. 

The presence of the pars distalis in animals with the supraoptic and para- 
ventricular nuclei destro3’ed or degenerated is favorable to the rapid development 
of marked obesit3'. 

Destruction or denervation of the caudal portion of the paraventricular nuclei 
leads to changes in the bod3’' which increase the food intake. The organism 
and in particular the cells of the glandular h5TJophysis are rendered sensitive 
to the adrenal cortical hormone and probabb’’ because of this there results a 
marked loss of basophil cells in the glandular division of the h3^oph3'sis. 

This results direct^’’ in changes in the th3Toid and in the gonads and probabb" 
indirectly in the islet cells of the pancreas. The adrenals do not atrophy. The 
alterations in the metabolism effected by such changes result in the accumulation 
of fat in various tissues of the body. Total and simple h3'poph3'sectom3’’ dogs 
show in addition to changes in the th3woid, the gonads and the pancreas an 
atrophv' of the adrenal cortex. This may explain the fact that while the 3 ’' become 
obese the rate of accumulation of their fat and its amount are less than in the 
“puncture dogs.” 

Obesit3’’ is considered to result because of an excess of food intake over food 
requirement. The food intake may be excessive because of a reduction in 
metabolic needs effected through a depression of th3Toid or of gonad activit}' or 
of both together, while hunger is maintained. It ma3' be excessive in ansver 
to an exaggerated hunger stimulated by a downward shifting blood glucose level 
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caused by the exaggerated consumption of carbohydrate in the tissues as in 
liypofunction of the h.ypophysis; or bj' effects resulting from exaggerated influ- 
ences from the adrenal cortical hormone following an appropriate hypothalamic 
lesion. The changes in metabolism leading to obesity are quantitative rather 
than qualitative. 
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In a previous communication (Heinbecker, White and Rolfj 1942) it was 
shown that insulin sensitmt}’- in dogs is to be attributed solelj’' to a loss of the 
adenohypophj’^sis. Herein is presented further evidence to show that such 
sensitivity is due to the loss of the eosinophil cells of the h 3 T)pph 5 ’'sis only, and is 
unrelated to the loss of the basophil cells. , 

Studies were carried out on four groups of animals, normal dogs, -simple and 
total h 3 Tpophysectomy dogs and so-called puncture dogs. The total h 3 ’pophysec- 
tomy dogs differed from the simple hypdph 3 'sectom 3 ^ dogs in that in the former 
the median eminence was removed as .well as the anterior lobe,, the pars tuberalis 
and the posterior lobe. To prepare the puncture dog the infundibular stem is 
severed through the oral approach, and then with a special instmment a puncture 
wound about 2.5 mm. in width is ’made in the midline in the posterior h3T30- 
thalamus deep enough to sever the fibers running caudall 3 '’ from the paired 
paraventricular nucleus. The median eminence is also scooped out. Such dogs 
e.xhibit total diabetes in.sipidus and become quite obese., VTien the}’’ aresacri- 
ficed and the hypoph 3 'sis serially sectioned and stained for cell t 3 'pes according to 
the method of Rasmussen, the eosinophil cells are normal and relativel}' increased 
in number due to the fact that the basophil cells are almort completely absent 
(Heinbecker, VTiite and Rolf, 1944). No actual counts of the eosmophils have 
been made. The few basophils remaining have an agranular turbid c 3 ’toplasm. 

Insulin sensitivity tests were earned out on six dogs of each of the groups ac- 
cording to a method previousl}’’ used b 3 ' Heinbecker, Somogyi and Weichselbaum 
(1937). Marked insulin sensitivit 3 ’- was present in the simple and total h 3 *po- 
ph 3 'sectom 3 ’’ dogs, but the puncture dogs responded similarh" to the normal, 
and thus were not insulin sensitive (fig. 1). The functional capacit 3 ’^ of the 
^ypopfij'sial eosinophil cells in the puncture dogs was tested for according to a 
method described by VTiite, Heinbecker and Rolf (1943) by diodrast and inulin 
clearance studies and found to be normal. 

Because of the normalit 3 '' of the blood sugar response to exogenous insulin in 
the puncture dogs with practicall}’’ all basophil cells absent from the h 3 'poph 3 'sis, 
it follows that insulin sensitivit}' when present because of In^pophi'-sectom}*, is 
due to the loss of the eosinophil cells. 

The basis for the basophil cell loss in the puncture dogs has not been established 
with eertaint}', A first suspicion naturalli* wa.s that it ivas due to the stalk sec- 
tion. B}' actual experiment it was established that .stalk section in itself does 
not cause basophil cell loss. It was not possible experimental!}' to exclude the 

* Recipient of a grant-in-aid of research from the Commonwealth Fund, 
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possibility that the total or nearly total loss of pitressin forming tissue might be 
responsible. However, it is known that in woman marked diabetes insipidus 
ma.y exist without obesity and without interference with ovarian follicular func- 
tion, as proven by her capacitj" to bear children. Certain other influences may 
be drawn from clinical and experimental data. It is known that in cases of 
Cushing’s sjmdrome due to an adrenal tumor, hj'alin degeneration of the basojihil 
cells occurs with regressive changes in the tluToid and gonads similar to those 
which follow hypophysectomy in dogs (Heinbecker, 1943). Dogs with hypo- 
thalamic lesions re.sulting in degeneration of the paired paraventricular nucleus 
and with basophil cell loss are sensitized to exogenous cortical hormone as demon- 
.strated by the degree of its influence on renal circulation and on certain renal 



20 20 60 100 140 ISO 220 

MINUTES AFTER INSULIN 

Fig. 1. Insulin response in dog 1, :\ total hypopliysecloniy dog; in dog 2, u simple hypo- 
physectomy dog; in dog 3. a normal dog; and in dog 4. a puncture dog; 0.125 unit insulin per 
kilo given intravenously. In all animats without the adcnohyimphysis hypoglycemic, 
manifestations developed necessitating discontinuance of the experiment and the adminis- 
tration of glucose. 

tubular functions (11einlx?cker, Tl<tlf and White, 1943). Possibly therefore, an 
unbalanced or exaggerated influence from the adrenal cortex is rcKjtonsible for 
the basophil depression in puncture dogs. 

For this pre.^sontation the thesis is accepted that normally there are. two secre- 
tory cell types in the anterior lobe of the hypophysis, eosinophils and basophils, 
and that the chronmjihobcs represent a .<tage in the development of thcsij tv.'o 
cell types. Autopsy studies of dogs of the puncture type in which 1 he eosinophils 
are jmeserved have rovcale<i that in them the adrenal glaiuls do not atrophy. 
This is consi.<tent with the inteipretation that the insulin stm.-itivit}* following 
eosinophil cell loss in simple and total hypophy.<ertnmy dogs is n4at<-d to the 
atrophy of the adrenal glands which devehips. The progressive nature of such 
atrojdty is illustnued in figure 2. Tlio adrenals trom a simple and total hypo- 
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ph 3 ^sectom. 3 ’- dog appi-oximate] 3 ' two and one-lialf years after operation show 
preserv,ation of little other than the glomei'tilai' zone, n'hereas adrenal glands from 
such dogs at 8, 17 and 22 months after operation generalh’' rei'eal a narrowing 






Fig, 2. A, Photomicrograpli X 45 siiowing adrenal cortex from normal fat dog 3. B. 
Photomicrograph X 15 showing pancreas from dog 3. C. Photomicrograph X 15 showing 
adrenal cortex from puncture dog 4. Note normal adrenal cortex. D. Photomicrograph 
X 15 showing pancreas from dog 4. Xote islets of Langerhans are few in number and small. 
E. Photomicrograph X 15 showing adrenal cortex from simple hypophi’sectomy dog 5, 
eight months after operation. Xote moderate reduction in width of all layers. F. Photo- 
micrograph X 15 showing pancreas from dog 5. Xote normal islets. G. Photomicrograph 
X 15 showing adrenal cortex from simple hypophj'sectomy dog 2, 27 months after operation, 
Xote the marked reduction of all the adrenal cortical layers except the glomerular zone wliich 
is wide but the cj'toplasm of the cells is vacuolated and the nuclei stain lightly. H. Photo- 
micrograph X 1.5 showing pancreas from dog 2. Islets are normal. I. Photomicrograph 
X 15 showing adrenal cortex from total hj'pophyscctomy dog 1, 17 months after operation. 
Xote considerable thinning of all the lai'crs of the adrenal corte.x. J. Photomicrograph 
X 15 showing pancreas from dog 1, Xote hypertrophy and hyperplasia of the islets. 
K. Photomicrograph X 15 showing adrenal cortex from total hypophi'sectomy dog 6, 30 
months after operation. Xote the marked loss of all the layers e.xcept the glomerular zone. 
The cytoplasm is vacuolated and the nuclei are pale staining. L. Photomicrograph X 15 
showing pancreas from G. Islets are normal, 

of the cortical lax'ens with however pre.servation of all of them. Jt ha.s previoush' 
been shown that the degree of in.sulin .sen.sitivity' pre.sent almo.st immediatelt' 
after operation increase.s with time after lu'poplu'.sectonn' (Heinbecker, Somog 3 'i 
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and Weichselbanm, 1937, loc. cit.) (fig. 3). Long and his co-workers (19-10) 
have shown conclusively that the adrenal cortex is concerned in gluconcogenesis. 
Insulin sensitivity is considered to he primarily due to an inadequacy' of gluco- 
neogenesis. The depression of the adrenal cortex is regarded first as functional 
but later anatomical degeneration supervenes as well. 

.Study of the pancreases of vaiious group.? of dogs (fig. 3) shows that insulin 
sensitivity Ls not related to any consistent change in the islets of Langeihans. 
In insulin .sensitive simple or total hypophyscctomy dogs, the islets may be 



Fig. 3. A. Blood sugar curves illustrating insulin effect in a dog before and four weeks 
after hypophysoctomy. Freoperative dosage was 0.5, postoperative 0.25 unit per kilo. 
The cuiw’e.s are approximately comparable. Normal curve unbroken curve, after hypo- 
physectomy broken. B. .Similar curves on a second dog four weeks after hypophysoctomy. 
Insulin dosagc.s the same as in .V. C. Blood sugar curves from the same animal a.s for B. 
Dosages were 0.25 unit four weeks after operation and 0.125 unit per kilo one year after 
hypophyEectoray. D. Blood sugar curves on same anim.al as for C. preoperatively and 
one year after operation. Preoperativc dosage 0.25 unit, postoperative O.OG unit per kilo. 
Note that both C. and D. indicate a po.sfoperativc insulin effect approximately four times 
that found for tins dog preoperatively. 

normul, atrophic or hypertrophic. Likev'ise, in normal and in puncture dog.s 
which are not insulin sensitive, the i.slets may bo norm.'i], atrophic or 
hypertrophic. 

Microscopically the thyroid gland and the gonads are similar in hy])ophysec- 
tomir.ed and puncture dogs. In the thyroid there is a depression of colloid .secre- 
tion. in tlie ovary the follicle.s do not mature and in the testis spermatogenesi.s 
(h.x'.s not proceed to completion. The.^ cluinges arc considea-d the re.sult ofthe 
hypophy.sinl ba.sophil cell los.*; ina.smuch a.s the eosinophil cells are well presen'cd 
in the puncture dog. Insulin sensitivity i>einir present in the hypophy.sectomir.ed 
dog and rd>.=e,nt in the puncture dog it follow,^ that it primarily is not effected 
through such regreftdve ch.aiige.'^ in the th\Toid or in the gonads. 
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SUMMARY 

Insulin sensitivitj' is attributed to a loss of the eosinophil cells of the anterior 
lobe of the h3^pophysis. Their loss results first in a functional depression of the 
adrenal cortex and later in progressive atroplnL 
The progressive increase in insulin sensitivit3" with time after h3"poph3'6ectom3^ 
is coiTelated A\-ith the progressive atrophy of the adrenal cortex. 

Insulin sensiti\dt3’' is not found to be associated with an3' consistent state of the 
islets of Langerhans. It is essentially unrelated to regressive changes in the 
th5T’oid and in the gonads. 
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The development of a body of evidence indicating that, local loss of fluid is 
the cause of traumatic shock was apparently initiated by Blalock (1) in 1931. 
In dogs he showed that traumatized extremities contained fluid amounting to 
around 4 per cent of the bod\* weight, and that a loss of fluid from the blood 
volume of this amount would be sufficient to produce shock. Investigcating a 
form of experimental shock produced by subcutaneous injection of hypertonic 
saline, IDavis (2) also found a marked local fluid lost, quite adequate in amount 
to lu'oducc .shock. In these latter experiment.s the fluid lost was principally 
fluid of the plasma and was relatively low in protein content. Davis further 
showed that the pla.sma volume reduction, calculated by hematocrit changes, in 
dogs shocked by this method, was less than the amount of fluid recovered from 
the cdemato\is leg. He therefore concluded that there was addition of fluid to 
the phusina during the collection of fluid in tlio leg. The dctcmiination of pla.sma 
volume changas in dogs by hematocrit changes involves errom of considerable 
magniUide, however, which \infortunatcly partly invalidates this important ex- 
periment. Katz, Shlcser, Asher and Pcriow (3) contribute signifiaant evidence 
to the problem of the relationship of loaal fluid los.s to the cause of .shock. These 
workers showed that shock, which u.siialh' followed venous occlusion of the hind 
leg, was prevented by the apjflication of a cast. Hie cast prevented the load 
fluid loss which otherwi.so woidd have occurred, mul therefore, shock failing to 
appear, the conclusion was reached that local fluid los-s was the sole factor in 
the development, of this type of .shock. This evidence would have been more 
acceptable if it had been shown that thrombosis of the veins had not taken place 
during the venou.s occlusion and period of ca.st aiiplication, since it might be 
argued that theoretical products of tissue damage were not liberated into the 
general circulation liecause of i>onnaiient vcjious obliteration. Swingle, Reming- 
ton, Kleinberg, Drill and ICvcrsolc (4) liowever presented .similar data in wliich 
shock after relea.«c of a touniiquct wa.s prevented iiy bandaging the leg. In 
these experiments, an intaot venous circulation wa.s demraistrated to exi.st by 
the onlraJH'e of <lye into the general circulation when it was injected into the 


veins of the leg. Duncan and Blalock (5) found that shock from cnishing .a leg 
was prxwenlcd by application of a prc,s=urc cuff, further indicating the signifi- 
cance of local fluid loss in the development of shock. 

AjuUher iyjx' of apj)r<'arh to th.e problem was tJtilired by Fine atid .Sfuignian 
(li, 7). Using nulioactive lacged protein these workers found that :■;!! of the 
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protein disappearing from the circulating blood in experimental hemorrhage 
and shock was accounted for by that removed from the blood by hemorrhage, 
or that collecting in the damaged extremity. 

In the present report further evidence is presented which indicates that local , 
loss of fluid is the mechanism by which traumatic shock is produced. The aim 
of this study is to establish a quantitative correlation between the decrease of 
the plasma volume and total circulating protein, and the amount of fluid and 
protein which collect in the edematous leg of traumatic shock. 

Methods. Ten fasting normal dogs were used as the basis of this study. 
The animals were anesthetized with pentobarbital-sodium and a control plasma 
volume and total circulating protein were determined. Shock of varying grade 
was produced in each animal by a combination of application and subsequent 
release of a tight tourniquet to a hind leg, and blunt trauma. The tourniquet 
was left on for two to five hour's. Trauma was applied to the medial aspect of 
the thigh with a blunt hammer after the tourniquet was released. The presence 
of shock was determined b}' blood pressure readings on a mercurj' manometer 
connected vith a cannula in the carotid arter 3 ^ The course of shock was followed 
by the same means. Shock of some variable degree was produced in each 
animal, as disclosed bj’’ a reduction of s 3 "stolic blood pressure to 85 mm. Hg oir 
less over a considerable period of time. In some animals shock was mild, and 
recovery, at least temporarj'-, would have occurred; in others the shock was fatal. 
During the period of well developed shock a second plasma volume and total 
circulating protein were determined, after vliich the animal was sacrificed. The 
average duration of shock was 2.2 hours. The hind portion of the animal was 
then transected at about the level of the 3rd lumbar vertebra, and after removal 
of the viscera, the hind portion was carefully bisected. The excess weight of the 
traumatized leg over the normal was taken to represent the amount of local fluid 
loss. Fluid was then removed from two or more areas of the traumatized leg for 
determination of hemoglobin and protein content; the average of these figures 
was taken to represent the amount of hemoglobin and of protein in the fluid lost 
locallj'. The recovered fluid of different animals was found to varj" in its hemo- 
globin content. In some instances this was almost negligible, while in others the 
fluid was grossl}’- bloodj'. The amount of plasma fluid in the leg %yas deter- 
mined by correction for red cell volume as represented Iw the amount of hemo- 
globin present. 

Plasma volume was determined bj'^ the Evans blue d^'e method (8). Disap- 
pearance of the d}^ was plotted against the square root of time as advocated bj' 
King, Cole and Oppenheiraer (9). Correction for hemoglobin in the plasma, 
which was invariablj" present, during shock, was made through the use of two 
monochromatic filters, viz., 620 and 540. Plasma protein was determined by 
the method of Greenberg (10) as adapted to the Lumetron photoelectric colorim- 
eter. 

Results. The results are shown in table 1. Tlic plasma volume decrease 
vai'ied from 80 to 342 cc. and averaged 187 cc. which is 1.93 per cent of the 
average w’eight of these animals and 36.3 per cent of the original plasma volume. 
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In comparison to lliis there was a loss of from 183 to 3S7 cc. of fluid into the 
traumatized leg (exclusive of red cell volume), an average of 280 cc. or 2.89 per 
cent of the average weights and amounting to 54.1 per cent of the control plasma 
volume. Protein loss int o the leg varied from 5.25 grams to 18.5 grum-s, averag- 
ing 12.0 grams which reprc.scntcd 34.2 per cent of the control protein. The 
amount, of protein disappearing from the phusina varied from 6.7 to 17.8 grams, 
averaging 1 1 .8 grams, slightly lc.ss than that lo.st into the leg. This decrease of 
total circulating protein repre.scntcd 32 per cent of the original circulating 
protein . 


TABLE 1 


DOC KO. 

wnicnT 

CONTKOL 

PL.^8^!A 

VOLt’Mi: 

fllCiCK 

vou.'in: 

ri.\SMA 

VOLVMD 

XitCREASn 

TLUin 
tOST IS 

tr.c 

CONTROL 

rPOTKlN 

JTIJOCK 

TROTKIN 

TEOTCtN 

LOST 

FROy 

ULOOD 

rRorr-r.v 

LOST 

INtO 

ixo 


/■jm. 



cc. 

cc. 

tm. 


m. 

cm. 

1 

11.1 

627 

363 

20-} 

367 

37.3 

21.4 

12.9 

14.9 

2 

11.0 

467 

338 

129 

185 

32.7 

24.6 

8.1 

6.7 

3 

G.6 

370 

267 

103 

118 

24.4 

17.7 

6.7 

5.3 

•1 

13.3 

7(M 

362 

3-12 

387 

49.5 

28.4 

21.1 

18.5 

5 

8.1 

412 

332 

80 

183 

26.4 

22.4 

4.0 

6.9 

f) 

10.9 

627 

485 

142 

285 

46.0 

31.6 

ll.i 

12.8 

“ 

8.4 

415 

255 

160 

321 

23.9 

15.3 

8.6 

16.0 

vS 

9.2 

5-10 

308 

232 

2S0 

.34.3 

19.8 

14.5 

13.2 

0 

9.2 

495 

218 

277 

363 

30.7 

12.9 

17.8 

17,1 

10 

9.0 

.515 

370 

145 

320 

33.0 

23.2 

0.8 

14.4 

Average 

9. 68 

517 

330 

187 

2,80 

36.8 

22.0 

11. S 

12.G 


Data on plasma volume, total circulalinp; protein, .and local collections of fluid and 
protein. 


I-liscu.ssiox. I’he lesults clearly indicate that there i.s a greater loss of fluid 
locally than occurs from the plasma volume itself. This is interpreted to mean 
that the .significant disposition of the lost pla.sma volume is locall}'' at the site of 
damage. It furthennorc sho^\ 1 ^ that , instead of a further loss of phis.ma occuiring 
in other parts of the body, there actually Is a certain degree of heinodilution in 
the i>hasc of development of traumatic shock. That this proces.s, however, is 
continuous throughout all phases of shock is not contended from the.se findings, 
and it is entirely possible, though not ncce.ssarily likely, that in the later .stages 
of .'ihock a los-x of fluid other than locally may occur. Thi.s iiossibility doc.s not 
decrca.'^c the certainty of the finding here that in the stage of development of 
shock, all of the fluid lo.>;t from the circulating blood collects at the site of t rauma, 
and that this defect ha.s been partially corrected by addition of fluid to the plasma 
from other fiuid je.^ervoins. I'-xcept that smaller plasma volume lossc-s were 
encountered in the milder instances of shock, the data .show no .signifiemit v.-iria- 
tion in the insi.ances of mild and seveie ,‘;hoe.k. In essence*, these findings ore 
considered to 1 k' corroborative ami additive to iho.'-'e of Blalock (1) and Davis 
(2) and they •anther extend the certainty of local fiiiid loss as the eysratifil 
e.'iuse {rrmmatic .shock. TIu,* re.sults are also apparently ciuitran-, io the 
theory c-f generalized increase of capillary iK-mieabiltiy in Iratnnrsfic .sho.-k. 
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There was found to be considerablj’- less addition of protein to the blood- 
stream than fluid since 11.8 grams represented the average plasma protein 
decrease and 12,6 grams the average amount of protein lost locally. The differ- 
ence is probabl}'^ within the range of error and must be considered to indicate 
that, although fluid is added to the circulation from the interstitial reservoir, 
or the cells, or both, it is poor in protein content. This is quite in accord with 
results of others in regard to hemodOution after hemorrhage. 

It will be noted that the amount of fluid lost in the leg is somewhat less than 
the figures of Blalock, Davis and others. This is due to the fact that our figures 
represent only plasma loss, correction having been made for red blood cell 
content. If the total weight difference were taken in these experiments it would 
be around 4 per cent of the bod}’- weight. These data ai'e not presented since 
the}" are not related to the question under discussion. 

SUMMARY AND CONCLUSIONS 

In ten animals shocked by application and subsequent release of a tourniquet 
combined vdth blunt trauma it was found that the amount of fluid lost locally 
exceeded the plasma volume decrease and that the amount of protein lost 
locally .slightly exceeded that lost from the blood stream. It is concluded that 
in the development of shock the plasma volume decrease is due entirely to local 
fluid loss and that fluid loss from capillaries all over the body is excluded as a 
possibility. Furthermore, hemodilution was found to take place. Since the 
total circulating protein was not appreciably augmented by this hemodilution, it 
is concluded that fluid entering the plasma is poor in protein content. 

Aside from the negative evidence for demonstration of the toxic theor}" of 
traumatic shock, three separate but related lines of evidence may now be stated 
which seemingly irrevocably indicate that the mechanism of traumatic shock in 
dogs is local loss of fluid. These are: 1, loss of fluid into the damaged leg amounts 
to about 4 per cent of the body weight which is sufficient per se to lead to shock 
(Blalock and Davis); 2, prevention of local fluid loss after damaging the leg pre- 
vents the occurrence of shock (Katz and others, Svingle and others, and Duncan 
and Blalock) ;and 3, the measured fluid lost in the leg actually exceeds the meas- 
ured decrease of plasma volume indicating that generalized capillary damage 
and fluid and protein loss do not occur in the phase of de%"elopment of shock, 
but instead, fluid is added to the plasma as a compensator}" phenomenon, 
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The factons which dctcmiinc the concentration of chloride in Imman sweat, 
are a.s yet incompletely understood even though they have been the subject of 
considerable research . This circumstance is largely attributable to the technical 
difficulties involved. The collection of a pure, rc]>rcsenRitivc sample of sweat 
and the simultaneous recording of pertinent data on the internal and external 
environment of the subject require many precautions which frequently have not 
been ob.scrvcd. Important, factors which obviou.'^ly might affect the function 
of the sweat glands, particularly body and .skin (omperaturti.s, have not been 
studied systematically or have been treated only qualitatively. 

.-V summary of all the pertinent literature in this ficUl is prc.sented in tuble 1. 
Only on four points (identified in the table by irsterisks) is there complete agree- 
ment by all workers. These arc that the concentration of chloride in sweat: 
(1) tends to increase ns work is j)rolonged, (2) varie.s markedly bet ween individ- 
uals, (3) varies in diliercnt. regions of the body, and (-1) varies inveively as the 
.su})p!y of drinking water. On ( wo points (identified by daggcj-s) more observer 
affirm than deny (hat the concentration of chlonde iti sweat : ( 1 ) decrea.scs during 
tlie counse of acclimatization, and (2) incrc:isc.s as the rate of sweating increa.ses. 
On three other points (identified by double daggers) ob.^ervcr.s arc almost e(}ually 
divided in their conclusions. Tlic.se are. that the concentration of chloride in 
sweat: (1) varic.s directly a.s the body tempera lure,. (2) varie.s with the intake of 
salt in the diet and (3) varies with the plasma chloride. With respect to the 
important factor of skin temperature ob.‘-'orvation.s have been scanty and quali- 
tative in nature. The two ob.scrvcrs Avhohavc worked on this point, agree that 
local warming of an ann incrca.'''cs the chloride concentration in its sweat. A 
critical consideration of the above points will be presented in the discu.-sion of 
this paper, where it will be pointed out that .-ume of the published work i.s open 
to an intcrpix'taiion other than that commonly given. 

The present authors were led to a reinvest igat ion of the problem liy a number 
of (Hinsidemtion.s. Fir.st, it would lie desirable from the .standpoint of practical 
nutrition to be able to pivdict chloride requirements under various physiolngiral 
and environmental conditions. Second, there is the ])os-il,iility that imlividual 
difierence.s in the con cent .rat ion of chloride in .swe.af might be cornrlatcd with 
fitni'.'S for working in hot environments. Finally, clarification of the factors 
controliing the activity of the sweat- glanrU is a matter of consideral'le ti-co- 
n'tiral intert'si in genera! phy.'iologx*. 

' This wurk’iv;-;,i dor.f- lussirr a ct.>ntrrwt rcTCo-.ntsiCJKii'.d by li;c OuKantasr; on .Mi.eiit;.! lie- 
.•.f'nroh beln'ccn the Oitlc-:- ef Fricruifsc ItoK.-'arcii r.ad r.iiJ tls; snti 

Fcho'.vs of Harvai'd Cohere. 
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TABLE ] 


Survey of lileraiure on factors affecting sweat chloride 


OCSERV'ATION' ON' arEOEIDE CON’CENTRATIO.V TNT SUXAT 

AUTHORS 

Individual and regional differences 

*^''aries markedly between individuals 

Koriakina, Kossowskaja and Krestownikoff 
(1930); Whitehouse (1931. 1935); Chatron 
(1933); Dill, Jones, ■ Edwards and Oberg 
(1933); Dill, Hall and Edwards (1938) 

^Varies in samples from different parts 
of the bodj' 

Kittsteiner (1911); Adolph (1923); Mickelsen 
and Keys (1943) 

Rate and duration of sweating 

flncreases as the rate of sweating in- 
creases 

Kittsteiner (1911, 1913); Dill, Hall and Ed- 
wards (1938) 

Tends to fall with increased sweat 
production 

Lee, Murray, Simmonds and Atherton (1941) 

‘Increases as duration of experiment is 
prolonged 

Viale (1913); Adolph (1923); Hancock, White- 
house and Haldane (1929); Marschak and 
Klaus (1929); Whitehouse (1931); Hardt and 
Palmer (1937); Talbertj Harris, Finkle and 
Silvers (1926) 

Acclimatization 

tDecreases during the course of accli- 
matization 

Dill, Jones, Edwards and Oberg (1933); Tal- 
bott, Edwards, Dill and Drastich (1933); 
Daly and Dill (1937); Mezincescu (1937); 
Dill, Hall and Edwards (1938); Mickelsen 
and Keys (1943) 

No effect of acclimatization 

McCance (1938); Lee, Murray, Simmonds and 
Atherton (1941) 

Body and skin temperature 

JVaries directly as the rectal and skin 
temperature 

Lehmann and Szakdll (1939) 

No relation to rectal temperature 

Taj’lor, Henschel, Mickelsen and Keys (1943) 

Obtained a concentrated sweat by local 
warming of the arm or a dilute by local 
cooling 

Cramer (1890); lOttsteiner (1911, 1913) 
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TABLE t~Conclvdcd 

OBsr.rvATiON on ojicsjor, coNcrNTSATjoN in sweat acttioss 

Diet and water intake 

IDccrcascd by intake of salt Molchanova, Ijepiin, Kedina, Chcchcl’nitzkaya 

and Frolova (1036); Ivchmaim and SzakAll 
(1939) 

tVarics directly as salt intake Kittsteincr (1911, 1913); Hancock, Wliitc- 

honsc and Haldane (1929); McCance (1938) 

tPractically independent of diet Berry (1915); Cuthbertson and Guthrie (1934) 

Reduced by substituting saline solution Lee, Murray, Sinnnonds and Atherton (1911) 
for drinking water 

•Varies inversely as the supply of drink- Vialc (1913); Hancock, Whitehousc andllal- 
ing water } danc (1929); Lee, Murray, Simmonds and 

j Atherton (1911) 

Blood chloride 

JSomc correlation betweci) blood and | Talbert and Hatigcn (1927) 
sweat chloride | 

Intiependent of moderate variations in I Mickclsen and Keys (1913) 

])lasma chloride | 

Other factors 

Higher in hot dry than in hot wet envi- i l/cc, Murray, Simmonds and Atherton (1913) 
roninents | 

Increased by an increase in work outputj Moss (1923) 
at. constant temperature and humidity j 
or by an increased temperature with | 
constant work output i 

i 

jMETHons. The presettt report is bused on two types of cxi>eriment witich will 
be considered separately in this: section. 

L Ouldoor cxpcriviaiL’:. In the .sumnier of 1912 a group of sixteen healthy 
young men made a series of marches covering 10 to 20 miles jK;r day over a Hat. 
course outdoors at fixed paco.s wltirh were ou different ocraisiotis 3, 4, 4^ and 5 
m.jnh. Standard stimmer suntan uniform.s were worn and the .subjects lived on 
their usual nonnal diet. Five subjects: were .studictl intensively and repe<ated!y 
throughout the course of their accliinatizatioii. A rigid routine was followed 
in collecting sweat in order to avoid evaporatif>n, dilution and contamination. 
Every four mile.s an a.mi was wjishcil in clean water, dried with a dean towel rmd 
covered with ;m obstctrica.i rubber glove vrisidi was closed at the elbow with 
rubber band.s fitting sntJgly but not tightly enough i<> irnp-ale rireulation. The 
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following measurements were made periodicall3’’ in each experiment: (1) environ- 
mental temperature and relative humiditj’- with a sling psj'chrometer, (2) pulse 
rate bj'- palpation, (3) rectal temperature with standard clinical thermometers, 
(4) rate of sw^eating bj’’ gross loss in nude weight and (5) sweat chloride bj' the 
method of Volhard-Harve}'^ (1878, 1910). 

2. Experiments in the heated room. In this series of observations six healthy 
jmung men marched three times a week on a motor driven treadmill at 3.5 
m.p.h. up grades which will be specified in the tables. Depending upon the 
experimental conditions of temperature and humidit}" which were constant in 
individual experiments, the nude subjects marched anywhere from one to five 
hours with a ten minute rest in each hour. In one series dry bulb temperatures 
were 100°, 110° and 120°F, with a relative humidity of about 30 per cent while 
in another the}*" were 80°, 85°, 90° and 95°F. and 85 per cent humidity respec- 
tivety. Pulse rate, rectal temperature, rate of sweating and sweat chloride were 
determined as in the outdoor experiments and the same precautions were ob- 
served in collecting sweat. A further refinement in technique consisted in fitting 
the little fingers of the gloves with glass spigots. 

Additional observations were made as follows: a. Skin temperature was mea- 
sured by means of copper-constantan theimocouples and a galvanometer. It was 
proved that when both arms are in rubber gloves, the temperature of corre.spond- 
ing regions of skin is almost alwaj's the same on both arms. Therefore, in order 
to avoid error from evaporation and contamination, samples of sweat were always 
collected from the left arm and skin temperature was measured on the lateral 
aspect of the right wrist, b. Samples of venous blood were dravm periodicallj' 
from an antecubital vem. In some series of experiments plasma was prepared 
from heparinized whole blood and in others, serum from clotted blood. Total 
protein was estimated by the method of Ma and Zuazaga (1942) and chloride 
1)3' the method of Yolhard-Harve3' (1878, 1910). 

Results and discussion. The treatment of material in this section ivill 
conform to the following plan : First, individual experiments (tables 2 to 6) will 
be treated in relation to previous work (table 1). Second, we shall justif3'’ the 
viewpoint that, disregarding personal idios3’ncrasies and local variations, a com- 
bination of three physiological measurements, i.e.j bod3' temperature, skin 
temperature and rate of sweating, satisfactoril3’^ accounts for the summatcd 
effects of all the variables previous workers have correlated with the level of 
sweat chloride. Finalty, the h3'pothesis will be presented that the level of 
chloride in sweat is regulated b3' the mterpla3'' of a central factor, a peripheral 
factor and individual idios3'ncras5N 

The re.sults of the outdoor and indoor experiments will be discussed separately 
except in the cases of acclimatization and ph3'sical fitness. 

1. Outdoor experiments. In 25 e.xperiments on the IG subjects, 97 samplc-s 
of sweat were collected. Variations in the weatlier gave wide ranges of rectal 
temperatures and rates of sweating. Table 2 summarize.s two experiments on 
1 1 subjects who marched rapidty under relativeh' mild conditions lialf receiving 
9 grams of .salt before each experiment. This was the calculated lo.s.s of .salt for 
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the amount of SM'eat anticipated. . Four chief results M'ere obtained. First, 
with three exceptions higher chloride concentrations accompanied higher rectal 
temperatures and rates of sweating. Second, there were characteristic dif- 
ferences in chloride concentration of the sweat from one individual to the next 
even when their rectal temperatures were the same. There is agreement among 
all workers concerning individual variations and the matter will not be discussed 
although it is apparent in figure 1 and tables 3, 4, 5 and 7 . Third, vith the 

TABLE 2 

Sweat chloride, rectal Umjieralnre and rate of sweating in marching outdoors 
(First experiment, 10 miles at 4^ m.p.li., dry bulb 86°P., wet bulb 73“F. Second experiment, 
10 miles at 4} m.p.h., dry bulb 77“F., wet bulb 64®F.) 


BlIBjrCT 

SWEAT CHLORIDE 

RECTAL TEMPERATURE 

AT EKD 

RATE OF SWEATING 

Expt. 1* 

No salt 

Expt. 2* 
Salt 

Expt. 1 

No salt 

Expt. 2 
Salt 

Expt. 1 

No salt 

Expt. 2 
Salt 


meq./l. 

‘F. 

Total liters 

Group I 

S. R 

23 

20 



2.96 

2.15 

G. T 

23 

25 

Bn 


2.96 

2.37 

R. J 

53 

48 



2.66 

2.41 

C. G . 

20 

18 

Bnl^B 

■Ql^l 

2.80 

2.05 

J. C 

33 

29 

lpl.8 

101.4 

2.70 

2.74 

J. B 

47 

37 


101.2 

2.65 

1.75 

Average 

33 

30 

101.5 

101.0 

2.79 

2.25 


Salt 

No salt . 

Salt 

No salt 

Salt 

No salt 

Group II 

T. D 


27 

101.0 


2.52 

2.47 

H. B 


31 

101.6 


2.73 

3.16 

2.30 

2.29 

A. G 

40 

35 

101.8 

S. P 

53 

48 ' 

■SB 

100.6 

3.09 

2.02 

F. C 

i 53 

57 ' 

wm 

101.5 

3.84 

3.05 

Avemge 

1 4G 

40 

101.7 

100.8 

3.07 

2.43 


* In both experiments all subjects drank water equal to approximately 80 per cent of 
their sweat loss. In experiment 1, group II received 9 grams of XaCl in enteric coated 
capsules one to two hours before starting to march. In experiment 2, group I received 
salt in the same dosage. 

tcnninal rectal temperature as an index of physical fitness for this t3^pe of work 
there was no correlation between sweat chloride and physical fitness. Finally 
administration of salt in large single doses was without .significant effect on the 
sweat chloride concentration. 

* Typical results relating sweat chloride and rectal temperature for two of the 
most intensively studied subjects are plotted in figure 1. Data for eleven experi 
memts are plotted regardless of experimental conditions or degree of acclima 
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tization. Inspection reveals the close correlation between -rectal temperature 
and sweat chloride. The same correlation held with rate of sweating. . 

Further evidence on the relation between sweat chloride and, physical fitness 
was obtained in the hot room. Table 3 gives t3’'pical data for five fully ac- 
climatized subjects performing the same fixed task in moist heat. , As judged 
by terminal rectal temperature and pulse rate their fitness bore no correlation to 
the concentration of chloride in their sweat. 

" TABLE 3 


Sweat chloride and physical fitness of fully acclimatized subjects for marching in humid heat 
(All subjects marched 70 minutes without water at 95°F., 83 per cent relative humidity, 
grade 2.5 per cent, speed 3.5 m.p.h., wind 5 m.p.h.) 



RECTAL TEMPERATURE AT END OF COLLECTION PERIOD C’F) 

■ Fig. 1 

2. Experiments in the heated room. Table 4 summarizes pertinent data from 
two subjects on sweat chloride as affected by the ingestion of water during work 
in moist heat. These fulh' acclimatized men were living on a constant diet 
containing in the case of J. S. 25 grams of chloride (as NaCl) and in the case of 
R. W. 19 grams of chloride (as NaCl). They marched 3 hours each day in the 
hot room under the conditions indicated in the table. Every second day thejj 
marched without water to drink and on the alternate days they drank everj' 15 
minutes water equal in amount to two-thirds the loss of sweat. Experience has 











huma:^: sweat chloride doi 

shoRTi that this rate of drinking is tho niaximal oil tolerated bj most men. 
Five points are clear from the table. First, sweat chloride in ci eased as ^\Olk 
was prolonged. Second, scrum chloride tended to increase A\hen ^^atel was 
withheld and tended to decrease when it was drunk. Third, there was no ap- 
parent correlaton between serum and sweat chlorides. Fourth, as work was 
prolonged, there was an increase in senim protein, skin temperature and rectal 
temperature and a decrease in the rate of sweating. Finallj’', administration 
of water enabled the subjects to maintain a low rectal temperature and at the 
same time tended to prevent the rise in serum protein and skin temperature and 
the fall in rate of sweating. (The beneficial effects of water during work in the 
heat are discussed b}’- Johnson, 1943.) 

TABLE 4 

The effects of ingesting water on sweat chloride, composition of Mood and performance during 

marching in moist heat 

(Dry bulb 9Q°F.; relative bumidity S3 per cent; pace 3.5 m.p.b.; grade 4 per cent; 10 min. 
rest in each hour; subjects on a constant diet throughout; each figure the average 

of three experiments) 


nXPRRIUr.NTAL 

CONT)mONS 

Tiur. 

SU'RAT 
aiLORlDE 1 

SERtni 

Chloride Protein 

SKIX TE^rp. 

RECTAt TEMP. 

RATE OF 
S^YEATXSC 

Subject J. S. 


hrs. marched 

meq.Jt. 

meq.H. 

fims.flOO cc. 

T. 

■ai 

l./hr. 

No water 

1 

56 

107 

6.5 

1 98.3 

■UllilKH 

1.40 


3 

TO 

108 

7.8 

1 

98.9 


1.25 

Water 

1 

51 

104 

6.3 

97.4 

100.4 

1.34 


3 

GO 

102 

7.0 

97.8 

1 100.7 

1 

1.24 

Subject R. W. 

No water 

1 

39 

107 

6.2 



1.57 


3 

16 

108 

7.6 



1.25 

Water 

1 

36 

104 

6.2 

98.2 

100. s 

1.49 


3 

3S 

103 

7.2 

98.7 

101.3 

1.46 


The effects of drinking salted water are illustrated in table 6 for three fully 
acclimatized subjects marching under hot, dry conditions. Fluid was drunk 
every fifteen minutes at a rate equal to sweat loss. In one set of experiments 
plain tap water was used, in another 0.2 per cent saline. Consequently, in the 
latter set of experiments the subjects consumed approximately 6 grams of sodium 
chloride during the four hours of marching. The three main conclusions to be 
dranm arc: First, that at equivalent rectal temperatures, skin temperatures, 
rates of sweating and times of marching the sweat chloride was lowered by saline- 
second, that the increase in .sweat chloride typical of experiments in which 
\vater alone was drunk was prevented to some extent by saline of equal volume- 
ami third, saline in comparison with an equal volume of water lessened the total 
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rate of sweating at the beginning of work and tended to prevent the decrease in 
rate of sweating characteristic of px'olonged work. Lee and colleagues (1941) 
have previously reached similar conclusions concerning the sweat chloride but 
not the rate of sweating. It will be recalled that in our ovtu outdoor experiments 
salt had no effect on sweat chloride. It should be pointed out first, that in .the 
outdoor experiments salt tablets were administered before the experiment started 
blit in the indoor experiments saline was dmnk everj' fifteen minutes. Second, 
the values for sweat chloride in the outdoor experiments were veiy low in com- 
parison to those in the hot room, a phenomenon which has been noted repeatedly 
by us and by other workers. It is possible that in our outdoor experiments the 
chloride secreted by the sweat glands was already near its minimal concentra- 
tion and could not be expected to fall much lower. 

The effect of acclimatization on sweat chloride is illustrated in table 6. Five 
jmung men living on their usual normal diet were subjected to a course of ac- 
climatization as described by Robinson and colleagues (1943). G. P., J. P., 
and J. S. were exposed to diy heat, M. C. and F. S. to moist heat, TA'pical data 
are shovm in table 6. It is apparent that under equivalent physiological 
conditions of rectal temperature and skin temperature, the chloride content of 
the sweat is essentially the same regardless of the degree of acclimatization. 
Complementary, liut less complete, data are shown in the same table for three 
subjects marching outdoors. In these cases the chloi’ide concentration in the 
sweat is approximate!}'' the same before and after acclimatization at the same 
rectal temperature, and an increased rectal temperature is associated with an 
increased sweat chloride. 

It has been repeatedly stated that the concentration of chloride in sweat 
decreases with acclimatization (table 1). We can nowsuggest a reasonable inter- 
pretation for this phenomenon on the basis of changes in rectal and skin tem- 
peratures. It has lieen established that striking and rapid improvement in per- 
foimance of a fixed task is found in the course of acclimatization. There is a 
characteristic da}*^ to day decrease in the rectal and skin teraperatiU'es during the 
perfonnance of such a fixed task (Robinson, Belding, Turrell and Horvath, 1943). 
According to the interpretation now presented, the sweat chloride at a given skin 
and rectal temperature is relatively constant. The subject undergoing acclima- 
tization theoretically ought to produce a progressively more dilute sweat during 
the daily perfonnance of a fi.\'ed task, since his skin and rectal temperatures are 
lower. The present work shows experimentally that if at the end of the period 
of acclimatization, he does chance to attain a high lectal and skin temperature, 
his SAveat chloride once more reaches its initial high levels. The practical im- 
plications of acclimatization remain unaffected by the above interpretation. 
There is doubtle.ss a net daily saving in chloride after acclimatization, unless 
the subject pushes himself daily to high rectal and skin temperatures. 

Plasma chloride and plasma protein may be dismissed briefly. Tables 4, 

5 and 0 demonstrate the independence of sweat and plasma chlorides. Al- 
though pla.sma protein and sweat chloride both tend to rise steadily during a 
prolonged experiment, as shown in table 4, and in a large mass of other data 
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not presented here, comparison of the two for equivalent rectal tempeiatuies, 
skin temperatures and rates of sAveating revealed no significant correlation. 

3. Evaluation of factors correlated loiih sweat chloride. Reference to table 1 
shows that for men in a normal state of nutrition the present work confinns 
and extends the conclusions that the concentration of chloride in sweat: (a) 
increases as work is prolonged, (b) varies markedly betn een individuals, (c) 
varies inversel,y as the supply of drinking water, (d) decreases duiing the course 
of acclimatization, but only as the rectal and skin temperatures decrease, (e) 
increases as the rate of sweating increases, (f) varies directly as the body tem- 
perature, (g) varies inversely with the intake of salt and (h) is not correlated 
with the plasma chlonde. In addition we have found no correlation between 
sweat chloride and (i) plasma protein or (j) physical fitness but a close correla- 
tion with (k) skin temperature. In order to facilitate further generalizations 
Avc suggest that the above eleven factoin fall into three categories: first, factors 
which within wide limits are Avithout demonstrable effect; second, those AA'hich 

TABLE 5 

Stccal chloride as affected hy drinking solutions of sodium chloride during marching 
(The subjects marched 13 miles at 100°F., relative humidity 35 per cent, grade 2.5 per cent, 
speed 3.5 m.p.h., Avind 5 m.p.h. with 10 minutes rest in each hour. Water or saline Avas 
drunk as described in text. Each figure the average for 3 subjects.) 


r.XrEIUMF.STAL 

cosumoxs 

PKRIOD 

or UARcn 

SWEAT 

CHLORini: 

Rr.CTAX. TEMP. 

SKI^* TEMP. 

RATE OF 
SWEATING 

SERUM 

CHLORIDE 


hs. 

meq./l. 

•F. 

‘F. 

l./hr. 

meq./l 

Water 

1 

83 

100.8 ±0.6 

99.1 ±1.0 

0.95 

102 


4 

96 



0.80 

98 

Saline 

1 

72 ‘ 

101.1 ±0.8 

99.1 ±0.9 ' 

0.90 

101 


4 

79 



0.80 

99 


affect SAveat chloride directly; and third, those Avhich affect SAveat chloride by 
their influence on the body as a whole. In the case of subjects subsisting on a 
diet adequate in all respects Ave place in tlie first categorA* plasma chloride, plasma 
protein and phy.sical fitness because of their demonstrated lack of correlation 
Avith sweat chloride. In the second categoiy Ave place body temperature, skin 
tomperatni-e, rate of sAveating, individual variations and regional variations 
because in our experience they are inA-ariably correlated Avith SAA'eat cliloride Avhen 
they varj' independently of all other factors. Finally, it is justifiable to consider 
as indirect factom duration of Avork, intake of AA’ater, intake of salt and acclima- 
tiz;Ation for the folloAA-ing reasons: These four factore are all obviously related to 
heat balance. As shoAAm above (tables 4 and 5) prolongation of Avork in the heat, 
especially in the absence of Avater, is usually associated AA-ith steadily rising rectal 
and skin temperatures and a decreasing rate of SAveating. Administration of 
Avater during Avork pennits the maintenance of relatively Ioav rectal and skin 
temperatures associated Avith a sustained rate of sAveating (table 4). Administra- 
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tion of saline during work apparently decreases the rate of sweating at a given 
rectal temperature (table 5). Acclimatization (Robinson and colleagues, 1943) 
is characterized by lower rectal and skin temperatures in the performance of a 
fixed task but apparently has no effect on sweat chloride provided observations 
are made at equivalent skin and rectal temperatures. The above considerations 
lead to the conclusion that from the physiological standpoint observations on body 
temperature, skin temperature and rate of sweating account for the summated 
effects of all the physiologicall}’- dependent mechanisms affecting sweat chloride 
with the exceptions of individual and regional variations. 

Under most circumstances skin temperature, rectal temperature and rate of 
sweating do not vai^^ independently but in general vary together. In the present 
series of observations two general methods have been emploj^ed in the attempt to 
dissociate these factors. First, on different days and sometimes in the course of 
the same day alterations were made in one or more of the following: environ- 
mental temperature, severity of work, degree of hydration, and duration of 
work. In such a series of expeiiments, skin temperature, rectal temperature 
and rate of sweating all show wide variations, and by selecting periods in which 
two of the three were by chance the same, coirelation of sweat chloride could 
be made with the third variant. In the second type of experiment specific 
attempts were made to alter one variable without changing the other two. 
Skin temperature was altered b}’’ immersion of the gloved aim in a water bath 
at any desired temperature. Rate of sweating was controlled to some extent by 
changing environmental temperature or severity of work or both, Obviousty, 
a high rectal temperature was always accompanied b}" a high rate of sweating 
but a low rectal temperature could sometimes be attained with a relativel}’’ high 
rate of sweating. 

Representative data obtained by the above two methods are presented in 
table 7 which consists of three separate sections. In each section two of the 
three variables are constant while the third varies independently. The inde- 
pendent variables are skin temperature, rectal temperature and rate of sweat- 
ing respectively in sections A, B and C. In examining the data it must be 
borne in mind that day-to-da}' variability introduces some uncontrolled ir- 
regularity. Comparison is made between paired values which satisfj' the follow- 
ing criteria: the experiments compared were not more than one month apart; 
obserA'ations were at comparable times during the course of the e.xperiments; 
and constanc}’’ was defined as a difference in rectal and skin temperatures of 
not more than 0.4°F. and a difference in rate of sweating of not more than 10 
per cent. Tlie three variables will be discussed separately, and then a general 
inference relating the three will be presented. 

Section A demonstrates for two subjects that at a fixed rectal temperature 
and rate of sweating an increase in the local .skin temperature is accompanied by 
an increase in .sweat chloride. In 27 comparisons for six subjects 74 per cent 
showed this relation between skin temperature and sweat chloride. 

Section B is probably inconclusive for two reasons. First, the amount of 
comparable data is undesirably .small. Second, the usual rclation.ship between 



HUMAN SWEAT CHLORIDE 


585 


rectal temperature and rate of sweating is so close tliat it proved difficult to 
obtain paired values in which the rectal temperature alone varied significantly. 


TABLE 6 

Stveat chloride before and after acclimatization 


SWEAT 

SKIN 

RECTAL 1 

RATE OF 

SERUM 

CHLORIDE 

TEMPERATURE 

TEitPEEATURE j 

S\\’EATrNG 

CHLORIDE 


Indoor experiments 


G.P. 

Befnre*. 

tneg./l. 

97 

°F. 

98.1 

°F. 

l.Ihr. 

vicq./l. 

After* 

SG 

94.0 

100.2 ±0.3 

0.78 ±0.03 

103 ± 4 

After* 

114 

98.0 




J. P. 

Before 

112 

99.2 




After 

SS 

93.6 

100.9 ±0.2 

1.02 ±0.17 

101 ± 1 

After 

109 

99.1 

J. s. 

Before 

G5 1 

98.6 




After 

55 

94.0 

100.7 ±0.4 

1.01 ±0.01 

102 ±1 

After 

60 

98.5 

M. C. 

Before 

S2 

101.3 




After 

GS 

96.8 

102.7 ±0.7 

1.34 ±0.25 

103 ± 1 

.After 

So 

99.5 

F. S. 

Before 

72 

100.9 




After 

G3 

98.0 

100.0 

102.8 ±0.7 

1. 24 ± 0.12 

101 ± 1 

After 

74 






Outdoor experiments 


R. J. 




Before 

IS 


100.5 

Before 

43 


102.2 

After 

17 


100.4 

.After 

43 


109 O 

J. P. i 

1 



Before 1 

45 • 


101 0 

Before 1 

83 


102.0 

After i 

56 

i 

100 .8 

After 

! 77 

1 

102.0 


• Before .nnd .nftcr in each case means before and after acclimatization. 

Inspection of sections A, B and C shows that whereas it was possible to obtain 
wide indci>endent variations of skin temperature and rate of sweating, the large'^t 
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imlcpendent variation in rectal temperature was 1 .1°F. The data as they stand 
indicate that at a fixed skin temperature and rate of sweating a small change in 
rectal temperature is not accompanied by any consistent change in sweat 
chloride. It will be recalled that the outdoor data (fig. 1 and table 2) showed 
u close correlation between sweat chloride and both rectal temperature and rate 
of sweating. In the present hot room data the same relationship holds if we 
adopt the criteria used in preparing figure 1, namely, ignoring skin tempera- 
ture and rate of sweating thereby obtaining a ivide range of rectal temperatures. 
This is best seen in section A of figure 7 for subjects MC and FS b}'’ examining 
the values for sweat chloride as their rectal temperatures rose from 100.5° 
to 103.4°F. 

Section C demonstrates for two subjects that at a constant skin and rectal 
temperature an increase in the rate of sweating is accompanied by an increase 
in the sweat chloride. In 17 comparisons for six subjects 77 per cent show this 
relationship. The data in section C are much more satisfactory than those in 
section B because it is fairlj’’ easy to obtain wide variations in the rate of sweat- 
ing at a constant rectal temperature, but the reverse is not time. 

4. Hypothesis concerning regulation of chloride in sweat. The correlations 
discussed above suggest that three primaiy mechanisms regulate the con- 
centration of chloride in sweat. These are: (a) the peripheral factor of skin 
temperature; (li) a central factor of which rectal temperature and rate of sweat- 
ing are probably the most important indices; and (c) the factor of individual 
idiosyncrasy. The general level of sweat chloride appears to be set by indi- 
vidual idiosjmerasy and liy the central factor, increasing with increased rectal 
tcmperatui-e and rate of sweating. Superimposed on this general level are 
fluctuations which appear to be correlated with the local skin temperature. 
The interplay of these mechanisriis plausibly explains changes heretofore as- 
cribed to duration of work, environmental conditions, intake of water, intake 
of salt and acclimatization. 


SUM^URY 

1. A .study has been made of the concentration of chloride in human sweat in 
relation to factors previously reported to have a controlling influence. A survey 
of the literature revealed: complete agreement that sweat chloride (a) increases 
as work is prolonged, (b) varies between individuals, (c) varies in different regions 
of the body and (d) varies inversely as the supply of drinking water; majority 
agreement that sweat chloride (e) increases as the rate of sweating increases and 
(f) deemasGS during acclunatization ; complete lack of agreement that sweat 
chloride is affected (g) by body temperature, Ori by intake of salt and (i) 
by plasma chloride; and insufficiont or no attention to (j) skin temperature, 
(k) ))lasma protein and (1) the relation of sweat chloride to physical fitness for 
work in the lieat. 

2. Experiments were conducted on men marching out of doors in the summer 
time and in a heated room in the winter. 

3. The i)resent e.xperimcnts confirm and extend conclusions (a), (b), (d), 
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and (e) in -1. above. In addition thej' indicate that the sweat chloride increases 
with increasing body temperatures, increases with local skin temperature, de- 
creases more after ingestion of saline solution than after an equal volume of water 
and within wide limits is independent of plasma protein, plasma chloride and 
physical fitness. 

4. It is suggested that three primal^- factors are concerned with the concen- 
tration of chloride in sweat. These are: (a) the local factor of skin temperature; 
(b) a central factor of which rectal temperature and rate of sweating are prob- 
ably the most important indices; and (c) the factor of indi\ndual idiosjmcrasies. 
The general level of sweat chloride appears to be dominated by this central factor, 
and increases vith increased rectal, temperature and rate of sweating. Super- 
imposed on this general level are fluctuations which appear to be correlated with 
the local skin temperature. The interplaj’^ of these factors, plausibty explains 
changes heretofore ascribed to duration of work, en\nronmental conditions, 
intake of water, intake of salt and acclimatization. 

5. A new interpretation is presented concerning sweat chloride during ac- 
climatization. On the basis of 4 above one would theoretically expect a pro- 
gre.?sive lowering of the sweat chloride to be associated with the progressive de- 
crease of rectal and skin temperatures which is characteiistic of acclimatization 
in men perfoiming a fixed daily task. Experimentally it was shoum that if the 
rectal and skin temperatures were the same, the sweat chloride was the same 
before and after acclimatization. 

Acknowlcdgmenis. We are greatb'’ indebted to the 1st Servdce Command and 
to the Quartermaster Corps, U. S. Airny for the servdces of Cpl. M. Castiglione, 
Cpl. J. Poulin, Pfc. A. Razoyk and Pfc. J. Stachelek who served as subjects and 
technical assistants in these experiments. 

REFERENCES 

.•Vdolph, E. F. This Journal 66; 445, 1923. 

Behry, E. Biochem. Ztschr, 72; 2S5, 1915. 

Chatrox, :M. Bull. Soc. Chim. Biol. 16; 1107, 1933. 

Chajibr, E. Arch. f. Hyg. 10; 231, 1890. 

CCTHBERTSOX, D. P. AXD W. S. W. GuTHRiE. Biocbcm. J. 28; 1444, 1934. 

Daet, C. AXD D. B. Dill. This Journal 118: 285, 1937. 

Dill, D. B. Life, heat and altitude. Harvard Univ. Press, 1938. 

Dill, D. B., F. G, H-CLl axd H. T. Edwards. This Journal 123; 412, 193S. 

Dill, D. B., B. F. Joxes, H. T. Edwards axd S. A. Oberg. J. Biol. Chem. 100; 755, 1933. 
H.iXcocK, W., A. G. R. Whiteiiouse axd J. S. H.^ldaxe. Proc. Roy. Soc. London B 105; 
43, 1929. - 

Hardt, L. L. axd a. Paljier. ,4in, J, Digest. Dis. and Nutrition 4; 489, 1937-38. 

Harvey, S. C. Arch. Int. Med. 6: 12, 1910. 

Jonxsox, R. E. Gastroenterol. 1; 832, 1943. 

Kittsteixee, C. .\rch. f. Hyg. 73 : 275, 1911. 

Arch. f. Hyg. 78: 275, 1913. 

Deutsch. nicd. Wchnschr. 42: 199, 1916. 

Koriakixa, F., E. B. Kossowskaja axd A . N. Krestowxikoff. Arbcitsphysiol. 2: 
461, 1930. 

Lee, D. H. K., R, E. Murray, W. J. Simmo.xds axd R. G. Athertox. Med. J. Australia 2; 
249, 1941. 



HUMAN' SMTSAT CHLORIDE 


0S9 


Lkhmakn, G. AND A. SzakXll. Arbeitsphj'siol. 10: 60S, 1039. 

Ma, T. S. .and G. Zuazaga. J. Ind. Eng. Chem. 14: 2S0, 1942. 

Maubcii-aK, M. and L. Klaus. Arch. f. Hyg. 101: 297, 1929. 

McCance, R. a. j. Physiol. 92: 208, 193S. 

Mezincescu, M. j. Ind. Hj'g. Toxicol. 19: 146, 1937. 

MoixinANOVA, 0. P., A. F. Legun, L. B. Redina, N. N. Chechel’nitzkaya and A. I. Fro- 
lova. Voprosy Pitaniya. 5; 127, 1936. 

Mickelsen, O. AND A. Keys. J. Biol. Chem. 149: 479, 1943. 

Moss, K. N. Proc, Roy. Soc. London, B. 95: 181, 1923-24. 

Robinson, S. Personal communication, 1943. 

Robinson, S., D. B. Dill, J. W. Wilson and M. Nielsen. iVm. J. Trop. Med. 21: 261, 
1941. 

Robinson, S., E. S. Torrell, H. S. Belding and S. M. Horvath. This Journal 140: 168, 
1943. 

Talbert, G. A., E. E. Harris, J. R. Finkle .and S. H. Silvers. This Journal 76: 185, 1926. 
Talbert, G. A. .and C. 0. Haugen. This Journal 81: 74, 1927. 

Talbott, J. H., H. T. Edwards, D. B. Dill and L. Drastich. Am. J, Trop. Med. 13; 381 
1933. 

T.aylor, H. L., a . Henschel, 0. Mickelsen,-and A. Keys. This Journal 140: 439, 1943. 
ViALE, G. Arch. Ital. d. Biol. 59: 269, 1913. 

VoLHARD, J. Ztschr. Anal. Chem. 17; 482, 1878. 

WIIITEIIOUSE, A. G. R. Proc. Roy. Soc. London, B. 108: 326, 1931. 

Proc. Roy. Soc. London, B. 117: 139, 1935. 



THE EFFECT OF SODIUM THIOCYANATE ON INTESTINAL 
SECRETION IN THE DOG^ 

K. PINK* AND E. S. NASSET 

From the Department of Vital Economics, University of Rochester, Rochester, N. V. 

Received for publication April 7, 1944 

The recent interest in the possible function of carbonic anhydrase in the secre- 
tion of gastric juice (1) and of pancreatic juice (2) suggested experiments to 
determine the effect of thiocyanate on intestinal secretion. A preliminary report 
was made in 1941 (3). Thiocyanate inhibits the carbonic anhydrase catalj^sis of 
the hydration of carbon dioxide in \dtro (1, 4). Davenport (1) found that feed- 
ing sodium thiocyanate to dogs udth Pavlov pouches resulted in a low rate of 
secretion as well as a decrease in concentration of free acid, total acid and chloride. 
His explanation was that thiocyanate inhibited the carbonic anhydrase which is 
probablj’’ a pai*t of the secretoiy mechanism for H+ and Cl“. More recently, 
Davenport stated that the concentration of tliiocj'anate in the blood and gastric 
secretion of the dogs with Pavlov pouches rvas insufficient to inhibit the carbonic 
anhydrase of the gastric mucosa, and there must be some other explanation for 
the inhibitor}'- effect of the thiocyanate on gastric secretion (5). 

Although the carbon dioxide content of the intestinal juice was unaffected by 
thiocyanate, and the theory of carbonic anhydrase inhibition by thiocyanate 
appeared to be inadequate for an explanation of Davenport’s results on gastric 
secretion, an effect on the rate of intestinal secretion of fluid and enzjraes as a 
result of thiocyanate administration was found which seemed worthy of further 
study. 

Methods. Dogs 1 and 2 had adjacent segments of the ileum taken about 10 
cm. above the ileocecal valve transplanted to the two submaramar}’- surfaces of 
the skin. After about six months, during which time a good collateral circula- 
tion was established, the mesenteric pedicle was doubl}’- ligated and cut in a 
second operation, so that the transplants thereafter had no direct nervous or 
vascular connection -with the mesenterj'. It was in this second stage that these 
two animals were studied. This operative technique was described in an earlier 
paper (G). Dogs 3 and 4 each bore a single transplant of the colon. These- 
colonic transplants were in the first stage, the original mesenteric blood vessels 
and nerves having been left intact. Dog 5 had a single fistula of the duodenum. 
Dogs 7 and 8 had ThiiyA^'clla fistulae of the jejunum. 

The animals were .set up in stalls for the eight-hour experimental period, either 
after a twenty-four hour fast or vithin thirty minutes after being fed one-half 
their daily ration of dog biscuit,® The secretion was collected at one or two-hour 

* This investigation was supported by a grant from the National Research Council. 

* The data in this paper are taken from a thesis presented by Kathryn Ferguson Fin 
to the Graduate School, University of Rochester, in partial fulfillment of the require 
ments for the degree Doctor of Philosophy, 1943. 

* Purina dog chow. 
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intervals by moans of soft rubber catheters inserted into the fistulae. The 
volume was recorded in milliliters, and the juice was then homogenized bj’^ an 
electric stiirer. 

The concentrations of amylase-maltase complex, invertase and peptidase were 
determined by modifications of the methods described earlier (7). A twenty-., 
four hour incubation period was used. The substrates consisted of a 4 per cent 
starch solution, a 5 per cent sucrose solution, and a 5 per cent Difco-Bacto Pep- 
tone solution. If the quantity of secretion were sufficient, a macro method was 
employed for the carbohydrate-splitting enzymes using 1.0 ml. of intestinal juice 
incubated with 50 ml. of the substrate. The phosphatase activity of the intes- 
tinal juice was determined by a modification of the method of Bodanskj- (8). 
Ten milliliters of buffered sodium ^-glycerophosphate and 0.1 ml. of intestinal 
juice were incubated at 38°C. for exactly thirty minutes. At the end of this time, 
10 ml. of 10 per cent trichloracetic acid were added, the contents mixed and 
filtered. An aliquot of the filtrate was analyzed for inorganic phosphorus bj* 
the method of Flske and Subbarow (9) and the intensitj' of the color was meas- 
ured in a Klett-Summerson photoelectric colorimeter. The concentration of 
inorganic phosphonis per milliliter of juice was subtracted from the total amount 
of inorganic jihosiihorus measured after the hydrolysis of the substrate to obtain 
a true phosphatase activity value. The concentration of mucoprotein was de- 
termined by measuring the hexose reducing power after acid hydrotysis of the 
juice. A modification of the method of Anderson, Fogelson and Farmer (10) 
was used. Thiocyanate was determined photometrically by the method of 
Lavictes ct al. (11). Total CO: was determined according to Van Slyke and 
Neill (12). 

The concentrations of the carbohydrate-splitting enzjmes, peptidase and 
phosphatase, were expressed as milligrams of reducing sugar, amino nitrogen and 
inorganic phosphorus, respectively, which were released by enzymatic hydrolysis 
of the .substrate under the conditions used by 1 ml. of .succus entericus. The 
concentration of mucoprotein was expressed as milligrams of reducing sugar 
produced by acid hydrolysis of 1 ml. of intestinal juice. The concentrations 
of tliiocyanate and total CO; were expressed as mUliequivalents per liter. 

Result.s. Colonic secretion. A summary of the data obtained on the secre- 
tion of the colon is given in table 1. In these experiments, the secretion ivas 
collected and the volume detenniued at two-hour inteiwals, but the analyses 
were made on the total amount of juice obtained over eight hours, since' the 
amount of fluid obtained in two hours wa.s usually insufficient to permit complete 
enzyme and mucoprotein determinations. The scanty flow of fluid from the 
colonic loop is expected since water i.s absorbed in large quantities from this 
portion of the intestine. Not only was the volume of. colonic juice small, but 
the concentrations of invertase and peptidase were very low as compared 'with 
the secretions obrainod from the jejunum and ileum. In contrast, the concen- 
tration of nmcoprotein was greater in the secretion of the colon than in the upper 
port ions of the gast rointcstinal tract . The secretion of the colon appeared to be 
tmaffectod by the administration of food. 
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One and one-half grams of sodium thiocyanate dissolved in 100 ml, of distilled 
water were given to the animals by stomach tube at the beginning of the experi- 
ment, and the rest of the procedure was the same as that for the control experi- 
ments. The data in table 1 demonstrate a tremendous increase in secretion 
following the administration of thiocyanate. There was approximatelj’’ a four- 
fold increase in the quantity of secretion and total enzyme and mucoprotein pro- 
duction in the thiocyanate experiments on dog 3. The concentrations found in 
these two experiments are all in the range of the control values "uith the excep- 
tion of the mucoprotein, the concentration of which is about one-half that of the 
control figures. In twelve control experiments on dog 4, no more than 0,2 ml. 
of juice was ever collected in eight hours, and this was insufficient to obtain 
control values for enzyme acti\dty. In the two experiments with thiocyanate, 
the volume w’as increased to 3.8 and 3.6 ml., thus pennitting complete enzjone 


TABLE 1 


Total eight-hour production oi colonic secretion as influenced by sodium thiocyanate 


VOirME 

1 

CONCENTRATION TER ML, 

TOTAL (VOLtrUE X CON'CENIEAUOS) 

.\mykse 

Inver- 

tase 

Pepti- 

dase 

Muco- 

protein 

Amylase 

Inver- 

tase 

Pepti- 

dase 

Sfuco- 

protein 


Controls 

Fastod (5) 

Fed (7) 

NaSCN 

NaSeX 


Dog 3 


ml. 

mgm. 

tlucose 

m^m, 

inzert 

sugar 


mgm. 

reducing 

sugar 

mgm. 

glucose 

mgm. 

invert 

sugar 

amtnO'N 

mi”- 

reducing 

sugar 

2.45 

149 

47.0 

6.49 

4.33 

366 

119 

15.9 

10.3 

2.25 

181 

40.5 

7.33 

5.55 

407 

91 

16.5 

7.6 

9.0 

219 

37.3 

6.81 

2.39 

1976 

336 

61.3 

21.5 

10.0 

22.3 

35.2 

6.75 

2.37 


352 

67.5 

23.7 


Dog 4 


Controls (12) 

Did not secrete more than 0.2 ml. of juice in 8 hours 



NaSCN 

3.8 ! 

680 

82.1 '10.7 1 4.84 

2583 

312 

40.7 

NaSCN 

3.6 ! 

693 

85.8 !16.3 1 4.61 

2496 

302 

58,6 



analyses. With both dogs, the volume was greatest during the first tw'o hours 
after the salt was given. 

Ileal secreiion. One and one-half grams of sodium thioej'^anate in 100 ml- 
of distilled water were given dogs 1 and 2, \vhich were animals bearing denervated 
ileal transplants, just after the succus entericus secreted during the first two 
hours had been collected. The loin was then continued for six hours. Thepro- 
duction for the first two hours, before thiocyanate w'as given, vras used as a con- 
trol for each of these experiments. Figure 1 represents a t^Tiical experiment. 
There was a marked increase in the volume, enzyme and mucoprotein production, 
and with the exception of invertase, the peak was reached at the second hour 
after thiocyanate administration. The thiocyanate concentration in the secre- 
tion had nearly reached its maximum by the second hour. The concentration 
of CO 2 in the juice was not significantly altered by thioc^'anate. Since t le 
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concentrations of enzymes and mucoprotein were not greatly altered, the large 
increase in the secretion of these substances was accounted for by the increase 
in the volume of juice. It appears that the effect of sodium thioc3mnate may be 
to excite the glands to produce more than the usual amount of a normal secretion. 

Table 2 is a summary' of the experiments on ileal secretion. The ratios for 
the volume and enz3'mes in the tMoc3mnate experiments show a definite increase 
over the controls values obtained. 

Jejunal sccvelion. The usual quantit3’’ of sodium thioc3''anate vas given by 
stomach tube to the dogs with Tliir3'- Vella fistulae of the jejunum at the end of 



Fig. 1. EfTect of NaSCN on ileal secretion. The bars represent the hourly values for 
volume, concentration ofcnzjTues, mucoprotein, thiocyanate and COi and the total amount 

of enzymes and mucoprotein over an eight hour period. Units are defined in the section 
on methods. The arrows indicate the time of administration of sodium thiocj-anate. 

the second hour of collection. The data on these animals were calculated in the 
same manner as that emplo3'ed vatli the ileal transplant dogs, using the ratio of 
the production during the last six hours to the production during the first two 
hours. With both dogs, 12 control experiments, 6 after fasting and G after 
feeding, were done. The overall control ratios, together with the ratios in the 
thiocyanate experiments, are given in table 3 . The increase in secretion as a 
result of the administration of thioc3*anate is obvious. The increased production 
was greatest during the first two hours after the salt was given. 

Duodenal secretion. No catheter or any sort of mechanical stimulation was 
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used to collect the duodenal secretion, inasmuch as the fistula was only about 3 
cm. long, which is insufficient to keep a catheter in place. The secretion was 
extreme^ slim}^ and sticky and usuallj’' colorless. Some fiftj’ determinations 

TABLE 2 


Total production in last six . hours 

Ileal secretion expressed as ratio: — — ; ; — : : — - — ; 

Total production in first two hours 



j VOLiniE j 

1 AMVIJVSE 1 

1 

IK\'ERTASE , 

PEPTIDASE 

SruCOPEOTERf 

Dog 1 

Controls: 

Fasted (7) 

2,22 

2.80 

2.99 

1.98 


Fed (8)..' 

2.81 

2.44 

2.71 

2.01 


NaSCN.^ 

6.60 

5.17 


NaSCN 

5.77 

5.93 

5,54 

5.46 

9.14 

NaSCN 

5.00 

8.29 ‘ 

i 

5.62 

5.44 

7.03 




Dog 2 


Controls: 





Fasted (7) 

3.25 

3.18 

3.46 

3.80 

Fed (5) 

3.14 

2.97 

2,31 

4.12 

NaSCN 

12.30 

9.55 



NaSCN 

9.86 

6.40 

10.05 

9.80 

NaSCN 

8.49 

4.38 

4.24 

6.87 


TABLE 3 


, . Total production in last six hours 

Jejunal secretion expressed as ratio: — 

Total production in first two hours 


! 

VOLUIIE 

j AMYLASE 

IKVERTASE 

PEPTIDASE 

ifUCOPROTEIN 

PHOSPHATASE 



Dog 

7 




Controls: | 







Fasted (6) 1 

2.36 

1.87 

2.41 

2.92 

1 2.47 

2.68 

Fed (6) 

1.74 

1.84 

1.18 

2.05 

! 1.71 


NaSCN 

4.70 

3.36 

5.17 

6,31 

4.14 

3.67 

' 4.14 


NaSCN 

9. OS 

5.11 

! 4.27 

1 

2.22 


Dog S 


Controls: 


1 

1 





Fasted (6) : 

2.37 

1.56 j 

1.17 1 

2,30 

2.33 

1,90 

Fed (6) 

2.54 

1.42 1 

1.09 i 

1.73 

1.97 

1.56 

Na.SCN 

! 6.80 

4.78 j 

4.03 

5.15 

5.16 

4.04 

NaSCN 

i 6.79 

4.55 

5.38 

4.74 

6.67 

( 

4,47 


of the pH of the juice were made, and they ranged between 7.1 and 8.8 with most 
of them falling around 8.0. Wn'ght et al. (13) found amylase and enterokinase 
present in duodenal juice, but tcst.s for dipeptidase and polypeptidase were 


















SODIUM THIOCYANATE AND INTESTINAL, SECRETION 


595 


nearly always negative. The secretion from the dog reported here consistently 
contained peptidase, although the concentration was very" low. Invertase was 
found only occasionally, and then in traces, which is in . agreement witli the 
findings of Wright. The volume of duodenal secretion found is in the same range 
as that reported by other investigators (13, 14). 


TABLE 4 


Hourly production of duodenal secretion as influenced by NaSCN 

(Dog 5) 


HOUR 

voLOin 

CON'CN. PEK ML. 

TOTAL (volume X CONCN.) 

SCN CONCK. 

IK JUICE 

.Amylase 

Peptidase 

Amylase 

Peptidase 


mL 


ir.sm, glucose 

tr.gm. amsno-y 

mgm. glucose 

mgm. amiiso-K 

TK.eq./l. 

1 

2.3 


45.0 

0.8 

104 

1.8 


2 








3 



15.0 

1.9 

4.5 

0.6 


4 








grams NaSCN given 






5 

2.2 


82.9 

3.0 

182 

6.6 

2.44 

6 



347 

6.9 

347 

6.9 

4.21 

7 








8 






- 


1 

0.28 

158 

9.0 

44 

2.5 


2 

0.4 


107 

7.0 

43 

2.8 


3 

1.0 

168 

9.0 

168 

9.0 


li grams NaSCN given 






4 

1,6 


180 

20.0 

297 

32.0 

5.52 

5 

0.7 


166 

11.1 

116 

7.8 

6.54 

0 

0.5 


158 

19.0 

79 

9.5 

6.47 

7 

0.3 


101 

17.1 

48 

5.1 


s 

0.3 


150 

13.0 

47 

3.9 


1 

I 3.2 

> 

1 59 

0.8 

188 

2.6 


o 

i 

) 

1 01 

■ 3.0 

31 

1.5 


3 

1 O.i 

) 

1 30 

2.5 

IS 

1.3 


li grams NaSCN given 

i 





4 

1 0.8 

1 « 

4.7 

51 

3.8 

1.50 

5 

1 1.8 

! 71 

4.6 

i 128 

8.3 

6.17 

c 

1 2.0 

i 

i 0.19 

1 102 

3.8 

5.67 

7 

S 

: 0.2l 

i 0.4/ 

i 82 

1 

! 

1 

i 

! 

[ 

1 49 

1 

1 4.4 

i 

3.73 

i 


In throe c.Nperiment.'^, .sodium thiocyanate was given the duodenal fistula- 
bearing dog; the data are shown in table 4. In the hour or two following the 
administration of the salt, there was a slight rise in the volume and total amylase 
and peptidase ju-oduction a.s compared uith the output during the two hours 
pnnious to the administration of thiocyanate. 


In vitro fiudtis. 
that thiocyanate in 


A scries of experiments using the Warburg technique .showed 
a concentration of C millimols per liter, which was the maxi- 













596 


K, PINK AND E. S. NASSET 


mum. concentration found in the secretion in the in vivo experiments, had no sig- 
nificant effect on the respiration of intestinal mucosa. This would suggest that 
the increased secretor}” activitj’’ occasioned by thiocyanate is accomplished at a 
small cost of energ3^ The failure to demonstrate an increased respiration of the 
mucosa does not, of couise, rule out a possible respiratory effect in vivo. 

The addition of thiocyanate to normal juice in concentrations found in the 
juice when the dmg was given orally, did not affect enzyme activity. 

Discussion. The increase in intestinal secretion following the administration 
of sodium thiocyanate is in marked contrast to the effect of this drug on gastric 
and pancreatic secretions. Davenport (1) found an inhibition of gastric secre- 
tion, and Tucker and Ball (2) found thiocyanate injections had no effect on the 
rate or bicarbonate content of pancreatic secretion, unless very high dosages were 
given. Then there was a general toxic effect and a decrease in the rate of secre- 
tion. Thus, different digestive secretions are different^ affected by thiocyanate. 
It appears that the results may be in accord with the reverse of the gradient 
theory’- of Alvarez (15) — an inhibition in the stomach, a slight stimulation in the 
duodenum, a greater stimulation in the jejunum and ileum, and a still greater 
effect in the colon. 

The mode of action of sodium thiocyanate on the gastrointestinal secretions 
is not knowm. Several possible mechanisms of action might be mentioned: 
1. It may act by stimulating the production of enterocrinin and enterogastrone in 
the gut; the former would increase intestinal secretion and the latter would 
inhibit gastric secretion. 2. It may act directly on the secretory glands, in- 
hibiting those in the stomach, and stimulating those in the intestine. 3. Little 
is known about the influence of the intrinsic nerves on intestinal secretion, but 
there is a possibility that thiocyanate produced its effect bj’- action on these 
nerves. 4. It may have produced its effect by blocking an inhibition which may 
normally be present in the conti-ol of secretion. 

SUMIWARY 

Sodium thiocyanate, given by stomach tube in a one and one-half gram dose, 
increases the rate of intestinal secretion. The volume, total enzymes, and 
mucoprotein are affected. It appears that the results may be in accord vith the 
reverse of Alvarez gradient theory — ^an inhibition in the stomach, a slight 
stimulation in the duodenum, a greater stimulation in the jejunum and ileum, 
and a stUl greater effect in the colon. 
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H3’^perth}a’oidism as it is obsen'ed in the clinic is frequentlj" accompanied by 
gastro-intestinal S 3 ’'mptoms, the most common of which are increased desire for 
food, and diarrhea. An idea of the frequenc3' of these gastro-intestinal S3Tnptoms 
ma3’' be obtained from the work of Tinker ( 1 ) who reported digestive disturbances 
in 1415 of 4127 cases of goiter. He believes that among the most dangerous 
s3'mptoms encountered in toxic goiter cases are the digestive s3''mptoms. Al- 
though it is accepted that the th3’Toid gland exerts an effect on the digestive 
tract, the fundamental changes are not well understood. An3' stud3' of these 
changes can be divided into two main groups, namebq secretoiy activit3’’ and 
motor activit3^ It is the purpose of this stud3' to im-estigate the influence of the 
th3u-oid gland on the secretion of the jejunum in the hope that some ph3"siological 
information can be added to the knowledge of the clinical picture of th5Toid 
diseases. 

. The dogs used in this stud3' had Thir3^-'\^ella fistulae of the jejunum. The 
animals were set up in stalls for an eight-hour experimental period, either after 
a twent3'-four hour fast or uithin thirt3'- minutes after being fed one-half their 
dail5'’ ration of dog biscuit.^ The secretion was collected ever3" two hours hy 
means of soft mbber catheters inserted into the fistulae. The volume was re- 
corded in milliliters, and the juice was then homogenized ly an electric stirrer. 
The methods used for determination of mucoprotein and the vanous enz3Tnes 
and the units have been described b3^ Fink and Nasset ( 2 ). The basal metab- 
olism was obtained Iw the Tissot-Haldane procedure. A special head piece de- 
scribed ly Kochakian and Murlin ( 3 ) was used. Surface area was calculated 
according to the Cowell and Drabkin ( 4 ) formula for dogs. 

In general, two or three eight-hour secretion exiieriments were done each 
week, and the basal metabolism was measured once a week between the first 
and second secretion inns. 

Squibb’s racemic th3'-roxin was gi^'en subcutaneoush'. One milligram per kgm. 
bod3' weight was given in the first week of the th3U'oxin periods, mgm. per 
kgm. the second week, and 2 mgm. per kgm. per week for the remainder of the 
periods. 

' This investigation was supported by a grant from the Committee on Research in Enclo 
crinologj* of the National Re.searcli Council. , 

-The data in this paper are taken from a thesis pre.sented by Kathryn Ferguson 'jn ^ 
to the Graduate School, Universitj' of Rochester, in partial fulfillment of the requiremen s 
for the degree, Doctor of Philosophy, 1943. 

* Purina Chow. 
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The parathyroids were left intact when thyroidectomy ivas performed as evi- 
denced liy normal serum calcium thereafter. 

Statistical analysis of the data was performed by the use of the Fisher t‘t” 

test (5). 

Results. A bnef summary' of the data obtained in the basal metabohsm 
studies for dog 1 is given m table 1. The results on dog 2 followed the same 
general trend. In both animals there was a slight decrease in weight during the 
})criods in which thyroxin was given, and a gain in weight after thj’roidectom}' 
when no thyroxin was given. The calorics per hour derived from protein were 
calculated from the urinaiy nitrogen excretion, and the}' rose somewhat in the 
thyroxin periods, but there was no marked decrease resulting from thyroidec- 
tomy. This is in accord with the work of Janney (6) who found that thyroidec- 
tomy has little effect on the urinary nitrogen of the dog. The average of the 
determinations of total calorics per square meter of bod.y surface per hour during 
control I and control II, which is considered here as the normal level of metab- 
olism, was 39.2 for dog 1. It is of interest that Kitchen (7) obtained an average 
of 39,2 calorics per square meter per hour in 254 observations on 13 dogs. The 
iigure.s in the last column were calculated on the basis of the average calories 
obtained dviving the (irst two control periods as 100 per cent. As was to be 
expected, the energy metabolism rose above normal when thyroxin was given 
and fell after thyroidectomy. The same amount of thyroxin per unit of bod}' 
weight was given per week to the animals in the thyroxin I period as in the 
thyroxin II period but the per cent increase in metabolism from the preidous 
period was greater when the animals were thyroidectomized. This increased 
.sensitivity of thyroidectomized animals to thyroxin has been reported by Fleisch- 
mann ot al. (8) in the rabbit, by Smith et al. (9) in the rat, and by Thompson 
ct al. (10) in myxedematous patients. 

The results on jejunal secretion are shown in table 2 for dog 1 . 

I'hyroxin injections were given dog 1 over a period of three weeks following the 
control I period. The metabolism rose to a maximum of 141 per cent. During 
the period of thyroxin treatment, the average two-hour values for volume, 
amylase, invcrt.asc, peptidase and mucoprotcin were elevated to approximately 
200 per cent of the controls, l)oth after fasting and feeding. Statistically these 
increasc.s wore highly .significant. The P value in even: case indicated that the 
jwobability of .such results occurring by chance was less than 1 per cent. Al- 
though phosphatase increased 14 per cent in the fasting studies and 22 per cent 
in the feeding studies, these increases were not statistically .significant. This 
difference vdth phosphatase recurred all through the work but no .satisfactory 
explanation can i>e given. 


The control II period wa.s hegvm two weeks after the last th.vroxin injection 
.‘tnd extended over nine weeks. In both fasting and feeding experiments, all the 
faj'tors the jejunal semulon that were detemiined were lower than those in 
the thyroxin I period with the exception of pho.-phatase in which tliere was a 
slight but not significant inereaso. The change.s in the other components of the 
secretion were a.U statistically significant decreases, with the exception of amylase 
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and invertase in the fasted state, and amylase in the fed state. In these three 
cases the values in the last part- of the period were in the range of those in the 
control I, and would probably have shown significant decreases had the control 
II period been e.xtended for a longer time. All the components of secretion 
which were investigated were higher in control II than in control I, and these 
changes were all highly significant statistically. The most obvious explanation 
is that the thyroxin treatment exerted a prolonged effect on secretion in .spite of 
the fact that the basal metabolism throughout the control II period was com- 
parable to that in control I. ' 

Following the control II period the animal Avas thAwoidectomized and studied 
in this state for sLx months. As a result of the removal of the th^y- 
roid, the basal metabolism fell to an average of 85 per cent of noimal. All 
factors observed in secretion Avere lower in the thyroidectomy period than in 
control II. These decreases AA'ere all statisticalh’^ significant, AA-ith the exception 
of mucoprotein in the experiments in which the dog aa'os fed. From table 1 it 
can be seen that the Amlues in the th3woidectomy period compare quite closely 
AAnth those in control I. This indicates that thjToidectom}’’ did not result in a 
subnormal production of intestinal secretion and adds further evidence that the 
thjToxin injections had a prolonged effect upon secretion Avhich resulted in high 
A'alues during control II. 

Th3’Toxin Avas again given dog 1, this time in the thyroidectomized state. 
The hormone injections Avere giA'en for fiA-e AA'eeks, and the basal metabolism rose 
to a maximum of 154 per cent of the normal. All the Amrious constituents of the 
juice that AA-ere followed increased significantl 3 ’' during the th 3 ’’roxin II period 
OA’'er the previous th3Troidectom3' period, AA-ith the exception of phosphatase, 
which decreased but not significantl 3 ^ 

The control III period Avas begun three A\*eeks after the last th3T0.\in injection 
AA'as giA'-en the thyroidectomized animal, and continued for si.v AA'eeks. During 
the first tAA'o AA^eeks of this period, there seemed to be a slight hang-OA'cr effect of 
th3Toxin on the basal metabolism. The metabolism AA'as 97 and 90 per cent 
of the normal in tAvo determinations in these first tAA'o AA’eeks, but the fourth AA-eek 
it AA’as doAA'n to 81 per cent of normal, AA’hich is comparable to that in the th}’- 
roidectomy period. In the control III period, all the components of secretion 
decreased significantl3’- from the Amlucs obtained in the preAuous th3’roxin period. 

The data on jejunal secretion for dog 2 are shown in table 3. The result of 
the e.xperiments in AA'hich the animal AA’as fed folloAA’ the same general trend as 
dog 1. The secretion values AA’ere increased during the periods of th 3 'roxin ad- 
ministration, A “hang-oA’er” effect of tln'roxin Avas obserA^ed in the control II 
period. The secretion of fluid and enz 3 'mes AA’as decreased during the thyroidec- 
tom3’' period, but the leA'els AA'ere not subnormal. The A'alues obtained dming the 
control III period AA’ere about the .same as tho.se during the control I period. 

The re.sults in the experiments in AA'hich dog 2 AA’as fasted differ someAA’hat from 
those of dog 1. .fVl though the data from dog 2 are as complete as for dog 1, and 
all tlie secretion A'alues obserA’ed increased during the th3'roxin I period, onb 
the increases in A’olume, peptida.se and mucoprotein AA'ere .statisticalb' significant. 
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The values showed an increase in the control II period and there was little change 
from the latter in the thyroidectomj' period. No satisfactorj^ explanation for 

V, TABLE 1 


Energy melabolism data 
(Dog 1) 



DATE 

\vr, OF 
ANliTAL 

CAt./nODE 

FROII raOTEl!.' 

TOTAi CAL./ 
SQ.M./nOUK 

PER CEXr 

OP KORHAL 
ItETABOUSU 

Control I 

1-17-11 

lbs. 

31 

2.2 

37.3 

95 

1 

, 1-24-41 

31 

3.5 

39.8 

i 102 

Tln-roxin I 

1-28-41 

30 

4.3 

44.3 

113 

2- 5-41 

30 

5.2 

45.6 

116 


2-11-41 

29 

6.2 

55.1 

141 

Control II 

2-25-41 

29 

5.0 

41.1 

105 


3- 4-41 

29 

3.6 

38,1 

97 


3-11-41 

29 

3.6 

39.9 

102 


3-18-41 

29 

3.7 

38.4 

98 


4- 1-41 

29 

4.6 

41.0 

105 


4-23-41 

27 

4.8 

38.3 

98 

I 

Thyroidcc- 

.5-20-41 

2S 

4.1 

32,8 

84 

tomy 

5-27-il 

29 

3.2 

31,5 

80 


0-17-41 

30 

4.5 i 

32.7 i 

83 


0-24-41 

31 

3.9 

34.2 

87 


7- 1-41 

31 

4.4 

33.4 

85 


7- S-41 

31 

4.6 

31.3 

80 


7-15—11 

31 

4.8 

34.0 

87 


7-22-41 

32 

4.6 

35.4 

90 


S-22-n 

34 

4.5 

33.3 

So 


S-25M1 

35 

3.9 

32.5 

83 


10-20-41 

.35 

3.6 

33.0 

84 


12- 0-11 

35 

4.2 

34.1 

87 


12-12-41 

35 

4.0 

33.6 

86 


1- 0-42 

33 

3.7 

34.2 

87 

Tiiyroxin II 

2-17-42 

32 

7.3 

49.9 

127 


j 2-24-42 

32 

7.0 

57,1 

146 


i 3-10-42 

! 30 

5.8 

60.3 

154 


I 3-17-42 

1 32 

5.8 

. 50,8 

130 


1 3-24-42 

i 

1 30 

I 

0.0 

59,0 

151 

Control III 

i 

1 4-14-42 

1 31 

3.7 

38.2 

97 


1 4-21-42 

i 31 

3.3 

35.3 

90 


f 0 — 11? 

1 

I 

3.3 

34.5 

88 


j 5-12-12 

1 So 

2.8 

31.7 

81 


these dificrences between the two dogs is available. Increases in the thj'roxin II 
IKiriod werc statistically significant when compared with the control III period. 
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Discussiox. The effect of thyroxin in accelerating intestinal secretion is in 
contrast -ftith its action on gastric secretion. Traesdell (11) reported that ex- 
perimental hj-perthyroidism in dogs resulted in a decrease in rate of gastric secre- 
tion and in the free and total acidit}'. 

Fetter and Carlson (12) studied the effect of e.xperimental hyperthyroidism 
on gastro-intestinal motility of dogs. Their work is of particular interest here 
because of the “hangover” effect of thyroxin. Six dogs were used, and the 
gastric motility of all the animals increased during the peiiod of induced hyper- 
thyroidism. In four of the animals, after the thyroid feeding was discontinued, 
the motility decreased below that obseiwed in the hyperthyroid state, but it did 
not drop to the normal level except occasionall3^ The basal metabolism was 


TABLE 2 

Average two-hour production of jejunal secretion in each period 

(Dog 1) 


Fasted: 

Control I 

Thyro.xin I 

Control H 

Thyroidectomy. . . . 
Thyroxin II.... 
Control III 

Fed; 

Control I 

Thvro.xin I 

Control II 

Thyroidectomy 
Thyroxin 11., . 
Control III. . . . 


VOLUME 

AilYLASt. 

IN'VEE- 

TASE 

PEPIIBASE 

MUCO- 

PROTEIN 

PHOS- 

PHATASE 

NO, OF 
EXPERI- 
MENTS 

approxi- 

mate 

DURATION 

ml. 

msm, 

glucoie 

mgm. 

invert 

sugar 

mfm. 

ammo-N 

msm. 

reducing 

sugar 

mgm. 

inor^nic 


wcis 

15.9 

1626 

3193 

302 

20.7 

298 

28 

5 

49.9 

3289 

7747 

697 

41.7 

339 

16 

3 

34.2 

2882 

6287 

508 

33.1 

367 

22 

9 

20.3 

1400 

2784 

372 

26.7 

246 

48 

24 

43.6 

3754 

5730 


43.3 

239 

, 28 

5 

28.2 

1728 

3891 


31.4 

208 

24 

6 

24.6 

1991 

3913 

367 

24.7 

288 

20 

5 

58.6 

3543 

8583 

651 

43.5 

350 

16 

3 

44.7 

2972 

6238 

549 

37.0 

389 

32 

9 

26.7 

1836 

3410 

452 

33.0 

293 

44 

24 

48.3 

3538 

4949 


43.8 

235 

28 

5 

26.9 

2040 

3135 


28.2 

189 

24 

6 


studied on one animal, and it fell from -1-50 per cent to normal at the end of the 
first week after thyroid feeding was discontinued and remained there. The 
gastric motility, however, never retunied to normal during the two months that 
contractions were followed after stopping the thj'roxin treatment. They' could 
offer no satisfactory' explanation for the prolonged effect of thj'roxin. They also 
found that the emptying time of the stomach was decreased, and the intestinal 
motility was increased during experimental hjperthj'roidism. 

In a further investigation Fetter and Carl.son (13) found that thjToxin in- 
creased liunger contractions and the .speed witli which a barium meal pa.s.se.s 
through the dige.stiy'e tract in vagotomized dogs. Tliej' concluded that the 
influence of thj'roxin on ga.strointestinal motility is largelj', if not entirelj', m- 
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dopeiKleiit of the gastrointestinal vagus mechanism. Morrison and Feldman 
(M) also rciiorted that thyroid administration to normal and vagotomized dogs 
increased the gastrointestinal motility. 

Althauscn and Stockholm (15) found that induced hyperthyroidism in rats 
markedly increavscd the absoiption of gluco.se, galactose, xylose and oleic acid 
from the digc.stive tract, and also incrca.scd motility. 

d'hc influence of experimental hyperthyroidism and thyroidectomy on several 
enzymes ha.s been reported in the literature. Klein (16) found the concentration 
of d-amino acid oxidase in rat liver was increased by feeding thyroid and de- 
creased bj' thyroidectoiD}', but the same enzjmic in the kidney was unaffected. 
Scoz and Marangoni (17) reported that thyroxin increased the plasma phos- 


TABLE 3 


Average itvo-hour production of jejunal secretion in each period 


ivourMK 


AMYLASn 


ml* 


fnsm, 

ntucase 


I'astcd 

Control I 

Thyroxin I 

Control II 

Thyroidectomy . . . . 

Thyroxin II 

Control III 


•l.oG 

8.53 

9.34 

9.32 

10.6 

7.4 


818 

974 

1027 

nil 

1060 

757 


Fed; 

Control I 


Thvroxin I 

18.9 

Control II 

14.1 

'rhvroiflcctoniv. . . . 

9.93 

Thvroxin II 

15.2 

Control HI 

8.9 


730 

1404 

1419 

931 

1077 

715 


(Dog 2) 


INVER- 

TASK 

pkptidase 

MUCO- 

PROTEIN' 

rnos- 

rUATASE 

NO. OF 
EXPERI- 
MENTS 

APPROXI- 

MATE 

DURATION 

rtgm. 

invert 

sugar 

msm. 

omino-N 

reducing 

susar 

iftotgattk 

P 


weeks 

1185 

12-1 

13.5 

149 

27 

5 

122-1 

206 

19.9 

152 

32 

5 

1642 

240 

19.4 

218 

28 

8 

1410 

CO 

21.3 

142 

52 

24, 

1476 


17.2 

110 

32 

6 

1054 


13.9 

110 

28 

6 

991 

lis 

11.5 

130 

24 

5 

1982 

260 

23.3 

187 

28 

. 5 

1399 

209 

17.7 

188 

32 

8 

925 

138 

15.9 

89. 8 

40 

24 

1327 


17.4 

110 

32 

6 

' 1064 

i 


13.3 

113 

28 

6 


phalase of dogs to double or tiiplc normal valuas. Castagna (18) noted that the 
hloo<l c:itaia.«c in dogs dcci-cascd to about 50-70 per cent of the original values 
after thyroidectomy. Cohen and Gerard (10) found evidence which indicates 
that the absolute concentration of dchydrogcnasc.s and oxida.scs is gi-eater in 
the hyperthyroid than in (he noimal rat brain. 

Tims, it hu.^ been found that the concentration of several enzyme systems is 
increased in hypert iiyroidism nr decrea.^^cd by thyroidectomy, and that ga.stric 
.-ccrotion and .acidify am dccre;i.sed in hyperthyroidism, while gastrointe^stinal 
motility and absonition from five gut arc incrca.scd. The results reported here 
•daw that the pnKhaction of intestinal i^ecretion both jis regards volume and 
amount of .^vveml enzymes is incmi-'^ed in hyperthyroidism. 
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The mechanism responsible for the effect of thyroxin on the secretion of the 
jejunum is not obvious,. There are several possibilities that maybe involved in 
this thyroid-intestinal relationship. 1. The increased blood flow in hyperthy- 
roidism (20) ma3’’ result in an increased secretion of the gut. 2. Thyroxin may 
have a direct effect on the secretor3’' cells of the intestine. S. The alterations 
in intermediary metabolism in hyperth3n'oidism ma3’' secondaiily affect the 
activitj^ of the secretor3’' cells of the jejunum. 4- The effect on secretion may be 
a consequence of the action of thyroxin on other endocrine substances. One 
possibiiit3’' is the stimulation of the jiroduction of enterocrinin, which is known 
to accelerate the secretion of the gut (21). Timme (22) has pointed out that the 
thyroid rarely functions alone, and any disturbance of this gland always induces 
a change in the function of other glands, 5. The action of th3Woxin on the 
intestine may be through the nerves. Gerard and Mclnt3we (23) found that the 
ox3’'gen consumption of the vagus taken from h3q)erthyroid dogs was increased 
about 25 per cent. Possibl}" the increased activit}’’ of the nerves could influence 
the secretory cells. The evidence at hand does not favor this theory, Satis- 
factor3’' evidence that vagal stimulation increases the secretion of the jejunum 
has not been obtained, and the S3'mpathetics have an inhibitorA' action on in- 
testinal secretion. Furthermore, there is a great deal of evidence that the action 
of th37'oxin is not primaril3’' through the nerves (13, 24, 25, 26). 6. The increased 
energ3’' metabolism in hyperthyroidism ma3’’ secondarily influence secretion. 
The oxygen consumption of all the tissues that have been studied from h3"per- 
thr'roid animals is increased, with the exception of the th3Toid gland. As a 
consequence of the elevated metabolism, it is conceivable that the processes of 
the intestine are speeded up — secretion, absorption and motilit3^ If, however, 
the increased intestinal secretion were a result of the increased metabolism, it 
would be difficult to understand wh3’' gastric secretion should be depressed in 
h3’'perth3Toidism. It would also be difficult to explain the prolonged action of the 
th3wo.xin on jejunal secretion into the control II period when the basal metabolism 
was normal, and to account for the normal secretion after thyroidectom3'^ when 
the energ3^ metabolism was deceased. 

SUMMAKY 

1. Administration of th5''roxin to dogs, in doses sufficient to elevate the ba-sal 
metabolism to h3^perth3woid levels, resulted in a significant increase in the rate 
of jejunal secretion. 

2. Tfij^xin exerted a prolonged effect on jejunal secretion for several weeks 
after the basal metabolism had returned to normal. 

3. Th3'roideetom3'- did not result in a subnormal rate of jejunal secretion in 
the dog, 

4. In general, the total production of mucoprotein and all enz3'mes but phds- 
phatase changed in a parallel fashion with the volume of secretion, 
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It was reported pre\dousl5'' (Best, Haist and Ridout, 1939) that fasting or 
the feeding of fat led to a reduction in the insulin content of the pancreas in rats. 
This reduction seemed to be related in large part to the deficienc}^ of carbohy- 
drate or cai'bohydi'ate-forming substances in the diet. At the time the first 
report was made it was not knowm wliether or not the lowering of the insulin 
content of the pancreas might be brought about indirectly through an influence 
of these procedures on other endocrine glands such as the pituitaiy dr adrenals. 
Since then it has been- shown that removal of the pituitaiy gland does not pre- 
vent the reduction in the insulin content of the pancreas which results from 
fat-feeding in rats (Haist and Best, 1940; Haist, 1940). 

In the present report data are presented which indicate that this effect of fat- 
feeding on the insulin content of the pancreas can still be obtained in the absence 
of the adrenal glands^ and in the absence of the gonads. 

Material and methods. In the experiments involving adrenalectomy, 
female rats of the Wistar strain were used in all but one of the tests. The 
pancreatic tissue from a group of 10 I'ats was used for the insulin extraction, 
and the potency of the solution was determined bj’’ the mouse method of assay. 
These procedures have been outlined in a previous report (Best, Haist and 
Ridout). 

Results, Insulin content of 'pancreas and body weight. In the present series 
of experiments the rats were of light weight. Confirming the obseiwations of 
Griffiths (1941) it was found that the lighter rats had a smaller insulin content 
of pancreas than heavier ones. This is illustrated in figure 1, which collects 
some values for the insulin content of the pancreas in male and female rats of 
different weights. It vill be evident that the pancreases of the smaller rats 
contain less total insulin than the pancreases of the heavier rats. 

The effect of adrenalectomy. Six groups of 10 rats- were bilaterall}'^ adrenal- 
ectomized, fed as much as the}'' would eat of a complete diet and given 1 per 
cent NaCl to drink instead of water. Six control groups were given the same 
diet and the same caloric intake as the adrenalectomized groups and were also 
given 1 per cent NaCl to diink. The rats were sacrificed and the pancreases 
taken from 3 to 10 daj's following adrenalectomy. The insulin assays on the 
pancreases of these animals are shown in table 1. II is e\'ident that the values 
for the insulin content of the pancreases in the adrenalectomized animals re- 
ceiving NaCl do not differ significantly from those obtained in the pair-fed 

* A preliminary report of part of this work appeared in this Journal, 1941, 133: P 310. 
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control rats. Tabic 2 shows that the average initial weight of the adrenalec- 
tomiKcd animals was 126 grams. The average insulin content was 12.5 units 
per group of 10 rats. The average initial weight of the pair-fed control rats 
Avas 127 grams and the insulin content wa.s 12.4 units per group. The average 
insulin content for 0 groups of normal rats Aveighing 122 grams, approximafelj 
the same Avcight, was 12.9 units per group. From these results it Avould appear 
that adrenalectomy leads to no significant change in the insulin content of the 
rat pancreas. 



AVE/^AGE BODY WT of RATS :/n grams 


Five group.^^ of rats were adrcnalcctomized and then fed a diet verj' rich in 
fat for 7 days (item 5, table 2). They received 1 per cent 'N&Cl to drink. Three 
com rol groups with intact adrenal'^ were t mated in the -same fashion and' received 
tljp same caloric int.akc (item G, table 2). It Avill be evident that the feeding of 
fat led to a great reduction in the imsulin content of the pancreas in both' the 
eoutn.l and adrenalectomir.ed group.s. There is, AA-itli the fat-feeding, ' an'uhder- 
nutrition cfTect also, since animals on the fat diet have a loAver caloric intake 
ihmi tho^e nn^eWm^ the balanced nition. Tlie results indicate that, as far as 
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the insulin content of the pancreas is concerned, the adrenalectomized animals 
receiving NaCl respond to this treatment in a manner similar to the normal. 
The table also shows that, following fat-feeding, the insulin content of the 
pancreases of adrenalectomized rats can be restored to normal bj^ the adminis- 
tration of a balanced diet. 


TABLE 1 


The effect of adrenalectomy on the insulin content of •pancreas 


KCTMBER OF PAYS 
after APRENAIXCTOMY 

UNITS or INSm.I.VPERCRO0POFlORATS 

t;mts of ikscli.v per 1000 c, 

INITIAL ^VE^CHT OF RATS 

1 Adrenalectomized 

Controls pair-fed 

Adrenalectomized 

Controls pair-fed 

3 

JL 4.0 

12.0 

11.0 

9.4 

10 

14.7 

' 14.5 

' 12.1 

11.9 

7 

11.4 

12.0 

i 9.8 

10.4 

7 

11.8 

10.7 

10.0 

9.1 

7 

10.7 

11.7 

7.3 

8.0 . 

7 

12.1 

13.2 

9.1 

9.8 

Average 

12.5 

12.4 

10.0 

9.8 


TABLE 2 


CROUP 

1 

' NO, OF 
CROUPS 

Avznzot BODY vrzjcnt 
or RAT 

AV'ERACE 
IKSUUN 
UNITS PER 

average 
JSSUUN 
U./IOOO C, 
IKlTIAt 
BOPY 
WEIGHT 


TESTED 

i 

Initial 

Final 

GROUP 

10 RATS 

1. Normal rats 

6 i 


122 

12.9 

lO.G 

2. Adrenalectomized fed ad lib (1% 
NaCl) 

i 

G 

126 

1 

1 

136 

i 

12.5 

10.0 

3. Controls; paired-fed with 2 (1% 
NaCl) 

6 

127 

128 

12.4 

9.8 

4. Controls: paired-fed (no NaCl) 

1 

118 

114 

12.7 

10,8 

5, Adrenalectomized fed fat (1% NaCl) . . 

5 

144 

106 

2.2 

1.5 

6. Controls: fed fat. Paired with 5 (1% 
NaCl) 

i 

3 

147 

115 

3.1 

- 2,1 

7, Adrenalectomized fed fat then fed 
balanced diet (1% NaCl) 

i 

1 

170 

157 

10.6 

9-8 

8. Controls: paired-fed with 7. Fed fat, 
then balanced diet (1% NaCl) 

1 

101 

154 

16.5 

10.2 


Table 3 indicates that removal of the ovaries in female rats or removal of the 
testes in males, does not quickly alter the insulin content of the pancreas (14- 
20 daj's). It .shows too that the effect of fat-feeding on insulin content can 
be obtained in the absence of the gonads. 

Discussion and conclusions, Fracnkel-Conrat, Hening, Simpson and 
Evans (1942) found, in one experiment, that the pancrea.ses of adrenalectomized 
rats contained more insulin than those of unoperated rats. It will be evident 
from the results pre.sentcd tliat the removol of the adrenal glands led to no .sig- 
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nificani cliange in the insuVm conleni of the pancreas in our experunenls. In 
some advcnaleclomizcd groups the insulin content was higher and in sonic lower 
t.han nonnal. Fracnkel-Conrat el ah also reported that the administration 
of adrenal cortical extract did not elevate the insulin content. Tlicy did obseiwe, 
however, that pituilaiy adrcnocorticotrojiic. preparations increased the insulin 
content of the rat pancrea.s, due, they thought, to contamination ndth lacto- 
genic Ijormone. The iinding of Ingle (1941) that glycosuria can be produced 
in the normal rat by the administration of IT-hydroxy-ll-dehydrocorticosterone, 
and reports of Long, Katzin and Fiy (1940) and of Ingle (1940) that the diabetic 
state of the partially depancrcatizcd rat can be increased by certain adrenal 
steroids make it seem probable that while adrenal cortical extracts may have 
no demonstrable influence on the insulin content of the pancreas, yet if certain 
specific adrenal steroids were used in suflicient amounts somb measurable effect 
on insvdin content might be obtained. The fact that the reduction in insulin 
content of iiancreas occasioned by fat-feeding can be obtained in the absence 


TABLE 3 


oKovr 

1 

AVERACC BODV VVEICIIT 
or RAT 

INSULIN 

content: 

UNITS PER 

insulin: 
units per 
1000 GRAVS 

Initial 

I Final 

GROUP or 

10 RATS 

miTLAL 

BODY 

WEIGHT 

Ovarioctoniizccl (20 days); nonnal diet 

178 


16.6 

9.3 

Controls; paired-fed, normal diet 

178 


14.5 

8.1 

Ovarioctomized; norni.nl diet 11 days, fat? days. . . 
Controls; pnired-fed, normal diet 11 days, fat 7 

178 

171 

7.1 

4.0 

days 

178 

167 

6.8 

3.8 

Castrated (14 davs): norm.nl diet 

249 

251 

21.8 

8.8 

Controls; paired-fed normal diet .1 

249 

236 

20.1 

8.1 

C.nst rated: nonnal diet 5 days, fat 7 dav-s 

249 

213 

11,2 

4.5 


of the adrenal glands is additional argument, however, for a normal regulation 
of pamwentic insulin that, is independent of the adrenal glands. 

The experiments on gonadectomy, while few, indicate that the removal of 
tlie gonads in male and female rats has no appreciable effect on the insulin 
content of the pancreas. definite elevation in insulin content of tlie pancreas 
in rats is reported to re.sult from the administration of the ocstrogens, oestrone 
(Marks and Young, 1940); oesfradiol (Griffiths, ^tlarks and Young, 1941; Funk, 
Ghamelin, Wagrcicli and Harrow, 1941) and ocstradiol dipropionate (Fraenkel- 
Connvt et ah, 1941). ocstriol (GrifTiths, IHarks and Young) and stilboestrol 
(Griffiths and Young, 1040, 1942; Griffiths, Marks and Young; Funk ct ah). 
IIcxcH'strol elevated the pancreatic insulin content in the rabbit (Grifhtbs, 1942 
1913). The androgen, testosterone, did not induce an increase in pancrcatie 
insulin in male rats (Marks and Young, 1940; Griffiths, Marks and Y'oung; 
Funk et al.), and progesterone also had no insulin-increasing effect (Funk ct al.)! 
Alpha methyl stilhene. which i.s closely related to hexocstrol and .stilboestrol, is 
nmwKstrogenic yet it incmascs Ibc instifm content of tlie pancreas in rabbits 
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(Griffiths, 1942, 1943), which fact prompted Griffiths to conclude that the 
insulin-increasing properties of hexoestrol and stilbocstrol “have little to do 
Avith their oestrogenic properties.” Fracnkel-Conrat et al. (1941) showed that 
the insulin-increasing effect of the oestrogen, oestradiol dipropionato, is not 
obtained in hypophysectomized rats and that implanted pituitaries from rats 
receiving oestrogens elevate the insulin content of the pancreas in the host 
while implanted pituitaries from control rats do not. They feel that this evi- 
dence favors the assumption that the insulin-increasing activity of oestrogens 
is mediated by the pituitary gland. As with the pituitaiy, the removal of the 
gonads does not prevent the reduction in insulin content of the pancreas which 
results from fat-feeding. 

Under certain circumstances the insulin content of the pancreas is raised by 
the injection of extracts or materials obtained from endocrine glands. This 
does not mean that those endocrine structures have an important r61e in the 
normal regulation of pancreatic insulin. In some instances at least, the eleva- 
tion in total content seems to be related to a multiplication of cells and an 
increase in Islet A'olume (Richardson and Young, 1937 ; Marks and Young, 1939) 
and need not necessarilj^ involve an increase in the concentration of insulin 
within each islet cell. 

The finding that the insulin content of the pancreas is not greatly affected 
1)3^ adrenalectom.v or gonadectom3' and that the reduction in the insulin content 
of the pancreas that results from fat-feeding can still be obtained in the adrenal- 
ectomized or gonadectomized animals indicates that these endocrine stiiictures 
are probably not fundamental!}' involved in the normal regulation of the insulin 
content of the pancreas. The pancreas appears to be able to regulate production 
and liberation according to the need for insulin in the absence of pituitary, 
adrenals or gonads. 


SUMMARY 

1. The insulin content of the pancreas in rats increases with age. The pan- 
creases of smaller (3'ounger) rats contain less total insulin than the pancreases 
of heavier (older) rats. 

2. The insulin content of the pancreas in rats adrenalectomized for 3 to 
10 da3’s and maintained on .sodium chloride does not differ significant^' from 
that of control rats receiving the same caloiac intake. 

3. The iasulin content of the pancreas in adrenalectomized rats is greatly 
reduced b3' the feeding of fat. 

4. Following the reduction 1)3' fat-feeding, the insulin content can be restored 
to normal levels by the administration of a complete diet. 

5. Removal of the ovaries in females or the te.stcs in males does not lead to 
anA’ .significant change in the insulin content of the pancreas, as compared to 
controls receiving the same caloric intake, 

0. The feeding of fat to gonadectomized rats leads to a reduction in the insulin 
content of the pancreas. 
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7. It is concluded that the production and liberation of insulin can be regu- 
lated in response to dietaiy changes in the absence of adrenals or of gonads. 

It is a pleasure to thank Prof. C. H. Best, F.R.S., for his interest and help 
in this work. 
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Experiments performed in Pavlov’s laborator}^ (Pavlov, 1910) suggested that 
the small intestine may be concerned in the mechanism responsible for gastric 
.secretion. While the i-esults were not always consistent, it was found that meat 
and meat extractives as well as many other substances excited the gastric glands 
when they were introduced into the small intestine. Ivy and his co-workers 
(Ivy and Mcllvain, 1923; Ivy and .lavois, 1924) studied this problem and con- 
cluded that part of the gastric secretion following the ingestion of a meal may 
be due to the presence of food in the intestine. The literature has been re\dewed 
by Babkin (1928). From the data reported in the literature and the work done 
in his owai laborator}*, Babkin (1938) recently concluded that the “intestinal 
phase” of gastric secretion is a re.sult of direct and indirect stimulation of the 
ga.siric glands by the end-products of digestion after their absorption. The 
pre.sent study wa.s undertaken in the hope of obtaining additional information 
ivgarding the relative significance of and some of the factors involved in the so- 
called intestinal phase of gastric secretion. 

Mirruons. Eighty-live e.xpcriments werc performed on 6 dogs. All animals 
were provided with gastric and duodenal fistulas by a method previou.sl}' de- 
scribed (Thomas, 1941). In addition to the fistulas, one dog (dog B) had a 
Pavlov pouch, another dog (dog L) had a Thiry-Vella loop of high jejunum, 
while a thiitl dog (dog M) had an ileal fistula below an end-to-side anastomosis. 
In this dog both vagi and both major splanchnic nerves had been severed. 

Gastric juice was collected from the Pavlov pouch through a soft rubber tube 
inserted by way of a hard nibber canntila. Tlic tube was kept permanently in 
place. Gastric juice was collected from the whole stomach by means of a soft 
ntlibcr drain tul)e inserted through the gastric fistula. 

Gbservatinns were ix'gun about eighteen hours after the previous meal and 
only when the .‘^tomach was found to be in a state of secrctorj’ rest, unless the 
object of tiie e.xporiment. was .such as to require a different procedure. 

’ .AjiIihI by n f^r.^nt from John Wroth and Bros., Inc. 

- Ro'.-s V. PrUtcrFoti Fellow m Physiology and Gasi roenterology. 
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The substances whose sccretagogue effect 'were to be tested were infused h}' 
gravity into the small intestine at a distance approximately 30 cm. below the 
pylorus bj' means of a soft rubber catheter inserted through the intestinal fistula. 
The rate of infusion was controlled b}'' means of a burette periodically refilled 
from a Marriott bottle and was limited to a rate of 1.5 to 2 cc. per minute. 

Reflux of the infused material into the stomach from the intestine generally 
was controlled adequately by draining the first part of the duodenum through the 
duodenal fistula by means of a perforated soft rubber drain tube as described 
elsewhere (Thomas, 1940). Experiments in which there was evidence of back- 
flow of the stimulating sub.stance into the stomach were discarded. Bile, how- 
c\’^ei’, fi'equently regurgitated into the stomach. Therefore, in some of tlie ex- 
periments, the duodenal drain tube was connected to a Wangensteen drainage 
bottle with a trap intervening. This device effectively prevented regurgitation 
of bile into the stomach or its accumulation in the intestine. 

Resiilts. We found, as have others, that following the introduction into 
the intestine, without .special precautions, of .substances such as ground meat 
or meat digests, a secietion of gastric juice was usually obtained. On the othci' 
hand, when bile wa.s prevented from entering the stomach or accumulating in 
the intestine and only isotonic .solutions were used, liltle or no gastric secretion was 
evoked. A typical result is shown in table lA. Our expei‘iments were therefoie 
mainly directed toward an analysis of the various factors that were apparently 
responsible for the .so-called intestinal pha.se of gastric .secretion under the con- 
ditions of our c.xperiments. 

/. Presence of bile in the stomach. In .seven experiments with the Pavlov 
pouch dog, in which products of protein digestion were instilled into the intestine, 
the bile enteilng the intestine wa.'^ permitted to regurgitate from the intestine 
into the stomach. The test .solution itself Avas pi’evented from regurgitating, hi 
all .seven of the.se experiments .secretion of gastric juice was observed to commence 
within half an hour after the first appearance of bile in the stomach (table IB)- 
The A’olume of gastric .secretion varied roughly in proportion to the volume of 
bile which regurgitated and the duration of contact of the bile with the ga.stric 
muco.sa. Similar results were obtained in the other dogs but the.se were diffi' 
cult to evaluate quantitatively becau.se of the admixture of bile with the gastne 
juice. Solutions in A'olumes of 100 cc. of dog or ox bile were placed in the mam 
stomach of the Pavlov pouch dog in eight experiments. In .six instances the 
secretion from the pouch amounted, on the average, to G.2 cc. during the fu'-st 
hour following bile administration while the volume for the control hour preceding 
bile administration was only 0.7 cc. The.se experiments confirm the early work 
of Sokolov (1904) who found that bile placed into an i.solated stomach would 
stimulate .secretion from a Pavlov jiouch. 

2. Presence of bile in the intestine. A free flow of bile regularly followed intro- 
duction into the intestine (or perfusion through the Thiry-^ elia loop of dog h) 
of either 5 or 10 per cent proteo.'<e .solution (“Bactoprotone”) or 7.5 per cent 
amino acid mixture. The solutions were infu.scd into the intestine in volumes 
of 100 to 300 cc. over a period of one to three hour.s. Thick dark bile usuali.A 
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ajipfiJirod within four to seven minutes. (In two experiments on dog M the 
infusion of "Ihietoprotone” into the lower ileum was not followed by a flow of 
bile.) When the bile was excluded from the stomach and intestine by means of 
the suction'appnratus an unequivocal secretion of acid gastric juice occurred in 
onh' five of t wenty-five experiments, after an interval ranging between one and 
one-half and two and one-half liours. On the other hand, when dog bile was 
mixed with th?; proteose solution and infused into the intestine, gastric secretion 
appeared in .seven of ten experiments and began after a latent period of one to 

TABLE 1 

Secretion from Pavlov pouch pf dorj B 


30(1 cc. or 10 rr,R o:nt protf.osc kolvtios isrusto isto iNXESriNr. roR three 

HOURS AKD BILE DRAINED CONTINUOUSLY EROU INTESTINE 



A 

Bile rcnu.Y into 
stomach prevented 

B 

Bile refluxed into stomach 
during third hour 

C 

Bile reflux into stomach 
prevented; 100 cc. dog 
hile infused into intestine 
during period of proteose 
infusion 

Vol. 

i 

Mucus 

Vol. 

Total 

acid 

Mucus 



Jfucus 

Control period, cc. per 
30 min 

l.S 


2.0 

, mim. IICI 

i 

1 

1 

0.9 

I wsm UCl 

-b-f 

Infusioti period, cc. per 









hour. 







i 


Isf hour 

0.0 

— 

3.0 


-b i 

2.5 



2nd hour 

1 2.7 

-T-h-r-r 

s.'s 


— ; 

12.0 


-f 

3rd linur 

1 .1.3 

t 1 

-h-j — b 

1 0 •> 

1 J.- 

1 

1 

1 

12.6 


— • 

Tofii! output.. 

1 7.0 

I 

i j 16.0 

! ! 

.54-89 ; 

i 

i 

1 

27.1 j 

140.07 


period .after infusion, 


1 

i 

I 

t 

( 

1 ! 
1 





cc. p(!r hour 


j 

i 

j 





1st iiovir . . . 

2.G 

1 +TT 

' 4.G 

i 


2.1 ' 



2nd hour 

1 

1 ^ , 

1 I.O 

( 

i 

-b + -b 




.’trd hour . , . 

1 1.-1 

-LO- 

1 — 

1 

i 

1 

— 

— 


— 


two hum-s. Typical residt.s of the two types of e.xperiments are contrasted in the 
uecouqv'iuying tal>lc (table 1, A and C). 

Conttv.ry to the n.v^ult.N of .Alcyer, Ivy and McEnery (192-i), we found that 
bill! alone in the interline did not .stinudate gastric secretion. In fourteen e.x- 
IHM-imcnts on fasting dogs from .50 to 200 ce. of either dog bile or 5 per cent ox 
InU* was ic.stiiled into iVie inte.stine over periods of time ranging from seventy- 
In-e inimites to almost four hourv. In only one experimenl was a definite .sccrc- 
liun olitainod from the stomaeh. Apparently bile .aets in some manner to make 
other stimuli efTertive. 

tb mnlfrinl An important factor in determinin'- 
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the secretory response was found to be the concentration of the substance in- 
troduced into the small intestine. For example, infusion of isotonic or slightly 
hypertonic solutions of amino acids® in amounts up to 300 ec. was without any 
demonstrable secretory effect; on the other hand, more concentrated solutions 
(9.8 and 15 per cent) resulted in a gastric secretory response. In control ex- 
periments isotonic solutions of sodium chloride were without effect but solutions 
of sodium chloride isosmotic with the more hypertonic solutions of amino acids 
gave comparable secretory effects. 

4. Volume of fluid introduced. The volume of fluid did not, per se, appear to 
be a factor in the excitation of the gastric glands. This was demonstrated both by 
experiments with isotonic saline and by those experiments \rith amino acids in 
which the response was negative. When the gastric glands were at rest, intro- 
duction into the samll intestine of as much as 760 cc. of isotonic sodium chloride 
solution over a period of two and one-half hours was ndthout any secretory effect. 
However, as some of us have shown previously (Friedman, Pincus and Thomas,' 
1944), large volumes of fluid increase the secretory response to certain effective 
stimulating agents introduced subsequently into the intestine. 

5. Effect of siumuli during “spontaneous” gastric secretion. While most of the 
experiments were carried out only when the stomach was in a state of secretory 
rest, on several occasions beef extracts or products of protein digestion (e.g., 
“Bactoprotone”) were administered into the intestine at a time when the stomach 
showed secretoiy activity of unexplained origin. The effect of the intestinal 
stimulus on the “spontaneous” gastric secretion was not constant but in the ma- 
jority of cases the rate of secretion appeared to be increased. 

6. Distention of the intestine and vomiting. On several occasions a bout of 
retching and vomiting occurred during an experiment, at times apparently 
associated with too rapid inflow of fluid into the intestine. In two instances 
when vomiting occurred during a period of gastric secretion resulting from instil- 
lation of bile into the stomach, it was followed by brief augmentation of the rate 
of gastric secretion. This contrasted to the experience of Thomas and Crider, 
reported bj’’ Thomas (1943), who saw a marked decrease in volume and acidity 
of gastric secretion during nausea in animals secreting in response to normally 
ingested food. On the other hand, if retching or vomiting took place during a 
period when little or no secretion was in progress, we observed that secretion of 
gastric juice was initiated within ten to twenty minutes. The secretion was at 
first mostly mucus but was soon followed by acid. The volume and duration of 
the secretion varied roughly with the degree of apparent nausea exhibited, but 
in most instances lasted only thirt}’’ to forty-five minutes. 

Discussion. The evidence for the occurrence of the intestinal phase of gastric 
secretion is based largeb' upon experiments in which food or various products of 
digestion have been introduced into the intestine of fasting animals and secretion 
of gastric juice has been observed to follow. In our experiments, in which sub- 
stances believed to be potent gastric secretory stimulants were introduced into 

’ Tiic amino acids wore supplied through the generosity of Dr. II. M . Johnson of Frederick 
Stearns & Co., Detroit. 
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the intestine of fasting animals with normally innervated stomach or gastric 
})Ouch, gastric secretion did not follow regularly except under special conditions. 
These were: presence of bile in the stomach or intestine; intestinal irritation due 
to hypertonic .solutions; a pre-existing state of continuous gastric secretion; and, 
possibly, overdistention of the intestine. ^Ye know of no previous e.xperiments 
in which all of the.se conditions have been controlled adequately. It appears, 
therefore, that tlie belief in the occurrence of an intestinal phase of gastric secre- 
tion directly due to the presence of food substances in the intestine is based on 
incomplete evidence. 

Perhaps the greatest .surprise, at least to us, was the failure of amino acids to 
stitnulate gastric .secretion when administered in isotonic or only slightly hyper- 
tojvic solution. Concentrated solutions of amino acids were effective but so, 
too, were hypertonic solutionsof sodium chloride. That concentrationandnot the 
total amount of amino acid administered was the determining factor was shown 
by two experiments, one in which a 7.5 per cent solution and another in which a 
9.87 per cent solution of amino acids was instilled. With the more hypertonic 
solution secretion of gastric juice began after 9.5 gi’ams had been infused, while 
with the other solution no secretion was obtained even though a total of 24.5 
gn^ms was infused. From the experiments of Ivy and others (Ivj’’, Lim and 
McCarthy, 1925) with hypertonic solutions of sodium chloride, it is probable 
that, the secretory response to the concentrated solutions is associated with irri- 
tation of and damage to the inte.stinal mucosa. An additional factor may be 
more rapid absorption of amino acids from the concentrated solutions with con- 
sequent higher blood levels. Inasmuch as during the course of inte.stinal diges- 
tion followng a meat meal the concentrations of amino acids in the intestine 
prob.ably do not attain hypertonic levels, it is unlikely that the.se mechanisms 
are normally involved in stimulating gastric secretion. 

Our cx])crimcnls do not exclude the possibility that an “intestinal phase’’ 
m.ay occur in the normal course of digestion since bile is usual^-- present in the 
inte.stine along with product.s of protein hydroly.sis. Ilather, they serve to em- 
phasize the importance of bile as a factor in the complex mechanism of the 
intestinal pluise. Furthermore, the suggestive results obtained in continuously 
secreting animals may be explained on the assumption that individually inade- 
quate inte.stinal stimuli may reinforce other stimuli in .such a way as to increase 
mateiiaily the flow of ga.stric juice. Such a mcchani.sm would be indicative of 
a useful adaptation, whereas an independent intestinal pha,se may be not only 
useless but possibly harmful. 

Si-.MMARv 1. I.^^olonic solutions of protoo.se (“Bactoprotone”), amino acids 
or sodium chloride failed to elicit .secretion of gastric juice in fasting dogs when 
administered into the inte.stine in the absence of bile. Bile alone was also with- 
<?ut effect. 


2. A mmlemte amount of gastric secretion was obtained after a latent period 
of from fme to two hnur.== when -‘Bactoprotone” mixed nith bile or hypertonic 
solut'.ons o! amino .acids or .<^od!um chloride wore placed in the intestine. 

o. Panious observation^: that bile in the stomach cruises secretion of 
juice Were confirmed. 
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CONCLUSION 

Products of protein digestion alone do not elicit an intestinal phase of gastric 
secretion. 
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Cononil observations in this laboratory have revealed that ejaculated sper- 
matozoa from the boar cannot withstand adverse environmental conditions as 
w(!il as epididymal spermatozoa. It appears that the decrease in resistance of 
spermatozoa as they pass from the reproductive tract into the semen may be 
associated with physiological and morphological change.s within the .spermatozoa. 
The possibility that accessory secretions may have a detrimental effect on the 
spermatozoa and bring about change.s which lessen their ability to survive a cold 
shock and storage conditions also exists. On the other hand, epididymal secre- 
tions may increase tlie resistance of spermatozoa in a manner .similar to that de- 
scribed for egg yolk diluter.s by I^aslcy , Easley and Bogart (1942), and Easley and 
Mayer (1914) for bull .spermatozoa. 

Young (1929) found that the heat re-sistance of guinea-pig, rat and ram .sper- 
matozoa decreases as the spermatozoa move from the head to the tail of the 
epididymis. It. is ])o.ssible that the progrc.s.sivo decrea.se in resi.stance of spermato- 
zoa might be a continuation of proce.sses in .speiTnatozoan development initiated 
in the testes and continued in the epididymis. 

The rosult.s in this paper pertain. to differences in the re.si.stance and survival 
capacity of spermatozoa which may be a.s.sociated either with change.s in their 
environtnent or with changes within the cell occurring at different levels of the 
i-ej)roductive tract, 

M.vtkiu.m.s anp m}:thod.s. The niaterial for this study was .seemed from 20 
boars r.uiging from G to 24 months of age. Methods used for obtaining both 
epididymal and ejaculated .spermatozoa and for performing re.sistance and storage 
tests were de.scribefi or mferonce.s given to these methods in previou.s })ublications 
(I^'U-Iey and Bogart, 1943). 

In the study of the influence of acce.s.sory .seci-ctions- on the re.sistance and .sur- 
vival of epididymal spermatozoa, centrifuged semen plasma was irsed for diluting 
the epididymal .suspensions^ by adding 2 parts of semen plasma to 1 pari of tlic 
(.‘pi<lidymal suspension. A control sample consi.<;ted of the non-diluted epididy- 
maS sfMTrnatozoau susj)en.sion as collected. 


» rentrihuEion from the Dept, of Animal Husbandry, Missouri Agricultural ExjKiriment 
.Tnurna! fsTirs no. 944. 

* At-ers-'ory .•^eertuion.*.- u^cd in thi.s investigation consi,sted of Kccrction.s from the pros- 
trae. ..ifuiinnl vericle.5, Cowper's and urethral glands plu.s the fluids coming from the 
epnditK'midcs .and 


tlie 


E'perm.nEoro.'j from the cpi 
i«. In addition, satne of i 
thiids. 


tiidyim? su5|>ondrd in the fiuid.« from. ii,e epididymis and the 
lie hiuTcr useti in colU-cting the spenn.ato 2 o;j m.'ike up part of 
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The influence of epididymal secretions on ejaculated spermatozoa was studied 
by diluting the plasma-free ejaculated spermatozoa with sufficient centrifuged 
epididymal secretions to bring the volume back to its original level. All centri- 
fuging was done by subjecting the fluids to a force of 1400 times gravity for 10 to 
15 minutes. 

Results. The influence of accessory secretions on the resistance and survival of 
epididymal spermatozoa. The accessory secretions were not harmful to epididy- 
mal spermatozoa, but increased slightly the ability of these cells to withstand a 
cold shock and storage conditions (table 1). 

TABLE 1 


The influence of the accessory secreiions on the resistance and survival of epididymal 

spermatozoa {average of 9 expts.) 



PEBCEHTACE OF IXVZ SPERM 

TREATMENT 

Epididymal sperm 
4- semen plasma 

i 

Epididymal sperm 
in suspension 

As collected 

88,3 

88.3 

0°C. for 10 minutes 

56.9 

54.0 

6 days’ storage 

73.8 

61,5 

16 days’ storage 

46.7 

25.0 



TABLE 2 


The influence of dilut ion on the resistance of epididymal spermatozoa in the boar 


NOUBER OF 
BOAR 

KIND OF DILUTER 

PESCENTAOE OF LIVE SPESU {0°C. FOE 10 MIN.) 

No 

dilution 

1:2 

1:4 

1:8 

1:16 

1:32 

81 

Phosphate buffer* 

68.0 

71.0 

72.0 

73,0 

74.0 

73.0 

34 

Phosphate buffer* 

84.0 

86.0 

87.0 

83.0 

85.0 


13 

Phosphate buffer* 

59.0 

59.0 

59.0 

59.0 

58.0 


101 

0.9% XaCl 

50.0 

53.0 

55.0 

52.0 

53.0 


2 

Semen plasma 

80.0 

78.0 

82.0 

77.0 

82.0 


Average.. . 


68.2 

69.4 

71.0 

68.8 

70,4 

69,C 


* - mono-potassium, di-sodium phosphate; pH = 7.4. 


4Since the concentration of the spermatozoa in the epididymis tvas usually 
between 4,000,000 and 5,000,000 per cu. mm. as compared to 400,000 to 500,000 
per cu. mm. in the noimal ejaculate, it is possible that the dilution of 2:1 in the 
e.xperiments given in table 1 was insufficient to bring about any changes in the 
.spermatozoa. To test this point, epididymal .spermatozoa from 5 different boaih 
were diluted in the ratios of 1 : 2, 1 : 4, 1 : 8, 1 : 16, and 1 : 32 and their re.sistance to a 
cold shock was determined. The results, .summarized in table 2, indicated that 
dilution as high as 1:32 wdth several different substances had no significant influ- 
ence on the resistance of the spermatozoa. 

7'hc influence of epididymal fluids on (he resistance of ejaetdated spermatozoa. 
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Th j greater resistance of cpidid>Tnal spermatozoa to adverse' conditions suggested 
tlie possibility tbatcpididymal secretions might increase spermatozoan resistance. 
Four trials were made to test the action of epididymal secretions on the resistance 
of ejaculated spermatozoa. The re.sults (table 3) show that in only 1 of 4 cases 
did the epididymal secretions influence the resistance of the ejaculated spermato- 
zoa, and in this one the increase was slight and could have been due to experi- 
mental error. 

Fpidid^^mal and ejaculated spermatozoa were diluted with egg yolk-phosphate 
l)ufrer iDcfore a cold shock and the results (table 4) show that the resistance of both 


TABLE 3 


The influence of epididymal accrclions on the resistance of ejaculated spermatozoa to cold shock 


Nuunr.R or coar 

KOrUAl. SESIEN 

KJACOUVTED Sl'EBM -i* EPIDIDYMAI. SOLtJTION 

As collected 

1 

0°C. for 10 minutes 

As collected 

O'C. for 10 minutes 

At 


6.0 

92.0 

6.0 

SI 


5.0 

64.0 

5.0 

13 


14.0 

87.0 

24.0 

2 

90.0 

5.0 

89.0 

4.0 

Average 

S2.S 

7.5 

83.0 

9.8 


TABLE 4 

The influence of egg yolk-huffer on the resistance of epididymal and ejaculated spermatozoa of 

the boar subjected to cold shock 
(% live spermntoroa after 10 min. at 0°C.) 


NUunr.R or 

CriDIDVUAL StTBK j 

r-JACtJLATEt) SPEEM 


j Kon.<iiluled 

Eck yolt-buffer 

1 Non-diluted 

1 EcEyoIk-buCfer 

113 

74.0 

80.0 


29.0 

91 

18.0 

46.0 


21.0 

53 ! 

77.0 

89.0 

6.0 

37.0 

63 

72.0 

S4.0 

21.0 

53.0 

100 i 

87.0 ! 

< - 

SS.O i 

12.0 

20.0 

Average 

j 

65.6 j 

1 78.0 

1 

13.0 

32.0 


ejaculated and epididymal spermatozoa was increased by the addition of egg 
yolk-phosphate bulTer. 

The relation of rcmstance and slorayc fo plujsiologicol dcvclopjnrnl of sperimlozoa. 
The foregoing <iata have shown that the accessory secretions and epidid\Tnal 
fluids h.ad little influence on the resistance of boar spermatozoa. However, one 
otlier factor, the physioiogioai development of the .spermatozoa, may be of im- 
portance. In order to test, thi-^ factor, .-ample.s of spennatoztw were taken from 
different hoels of the reproductive tract .and subjected to a cold .shock. por- 
tion o; each sample was also stoix’d for periods of G and JG days to detennine the 
ability of the s|x‘nnatozoa to ssirvive flic different storage periods. The results 
(trsble .a) .riiow that the .spermatozoa become progressively less resistant to a cold 
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shock and to storage conditions as thej'’ move along the reproductive tract through 
the epididymis and vas deferens. 

Additional data' (table 6) demonstrate the marked lowering in the resistance of 
spermatozoa as they pass through the reproductive tract and are ejaculated as a 
component of semen. A striking phenomenon demonstrated by these data is the 
sharp decrease in resistance of spermatozoa upon leaving the vas deferens and 
becoming a part of the ejaculate. 

Discussion. A number of workers hold the opinion that the accessory fluids 
shorten the life of spermatozoa stoi’ed “in vitro”. Since spermatozoa at ejacu- 
lation are diluted as much as 10 to 15 times with the secretions of the accessoriesj 
it seemed possible that these fluids might be responsible for the lowered resistance 
of spermatozoa in semen. Gunn (1936) reported tliat ram ejacula containing a 


TABLE 5 


The storage polcnlialitics and resistance of spermatozoa from different parts of the reproductive 

tract (average of 3 samples) 

1 PERCENTAGE OE LIVE SPERMATOZOA 


TJIEATMEST ! 

Body of 
epididymis 

Tail of 
epididymis 


As collected 

94.0 

92.4 

92.1 

Cold shock (0°C. for 10 niimitcs) 

62.0 

55. S 

48.0 . 

Stored G days 

S7.1 

82.0 

76.4 

Stored 16 days i 

17.9 

38. 4 

34.2 


TABLE G 


'J'hc resistance of boar spermatozoa in the different regions of the reproductive tract and in 

normally ejaculated semen 


NfMnER or BOAR 

rr.Rf ENTACE OF LIVE SPERM, \TOZOA (O'C- FOR 10 MIN.) 

j Body of epididjmis 

Tail of epididymis 

Vas deferens 

Normal semen 

81 


so.o 

70.0 

5.0 

13 


59.0 

51.0 


63 j 

72.0 

70.0 

.34.0 

21.0 


largo proportion of accessuiy fiuid.s had a comjiara lively shoi’t life, and he attrib- 
uted this to the rapid o.xpencliture of energy in the pj’esence of the accessoiy 
fluids. Alilowanov and Sclivanow (cited by Bernstein and Sokolowa, 1935) 
sugge.sted that the secrction.s of the accessoiy gland.s injured boar spermatozoa 
by de.«tro 3 'ing the protective lipoid cap.sulc which .suppo.sedh’ surrounds each 
•Spermatozoon. Xo harmful clfcct of the acce.s.soiy fluids on the resi.slance 
oJ spermatozoa from the epididj'mis of the boar to a cold shock or .sm- 
vival under storage condition.s was ob.scrved in thi.s study. On the contrary, the 
re.si.stance and storage potentialitie.s of .spermatozoa apparent^' increased in the 
pre.sence of the acce.s.soiy fluid.s. 

The dilution of suspcn.sions of epididymal .spermatozoa as much as 1:32 vith 
variou.s .substances did not lower the resistance of tlie.se cells. Young (192. ; 
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found that tlie heat resistance of guinea-pig spermatozoa was decreased consider- 
ably when diluted excessively with Locke’s solution. However, Young's conclu- 
sions were leased on spermatozoan motility. It is possible that the duration of 
motility might "decrease without death of the spermatozoa. In oung s experi- 
ments, the .spermatozoan suspcn.sions were placed in a water bath at a tempera- 
ture of 46“C., and the time required to stop the motion of all spermatozoa was 
recorded. Therefore, the samples of greater dilution necessarily contained fewer 
spermatozoa which, on a motility basis, gave an apparent decrease in resistance. 
Our experiments differed from Young’s in that the resistance of the spermatozoa 
in each sami)le was based on the actual per cent of live cells in a count of 500 
.spermatozoa on each of two slides. 

4’hc influence of the cpididjunal .secretions on the resistance of ejaculated sper- 
matozoa was studied becau.'^e of the reported i)rotectivc action of the epididymal 
.secretions. According to Redenz (see Walton, 1933) during their residence in the 
epididymis the spermatozoa receive a coating of colloidal material from the 
walls of the epididymis which rendens them more re.sistant to electrol.vtes. Gunn 
(1930) accepts this theory and considers the increased longevity of spermatozoa 
from nuns prcviou.'^ly injected with jntuilniy emulsions tobedue to a strengthening 
ofTect of the epididymal secretions which were stimulated Iw the testis hormone. 

Spermatozoa in ejaculated boar semen have practically no resistance to a cold 
shock and their .suiadwal during .storage is very low. Placing epididymal 
spermatozoa under similar environment to that of ejaculated spermatozoa 
by the addition of semen jdasma to the former does not lower their resist- 
ance or ability to .<ui-\-ivo during storage. Also, the .secretions in which 
{qndidymal .spermatozoa cxi.st do not alter the ability of ejaculated boar .sper- 


matozoa to withstand a cold shock or to survive a long storage period. If, on the 
other hand, ejaculated or epididymal .spermatozoa are diluted with egg yolk- 
pho.^phate buffer, their re.sistancc to a cold shock and their ability to .survive 
during stomge lire increased I'his suggc.sts that boar spermatozoa also have 
1 he ability of becoming resistant in the presence of egg yolk. This is comparable 
to the behavior of bull .spermatozoa in egg yolk diluter as shown by Laslcy, Easley 
ami Bogiwt (,1942), iMi.sIoy, Mayer and Bogart (1942), Laslcy and Bogart (1943), 
and Eisley and Mayer (1044). A re.sistancc factor evidently is not present in the 
nuitl^j of the cpididymi.'j. bec.ause diluting ejaculated spennatozoa with these 
fluids did not increase their resistance even though they were capable of becom- 
ing n-sistant in egg yolk-pho.^pliate buffer. It, therefore, .seems logical to con- 
clude that the ability of epididymal .spermatozoa to resist advei-se conditions is 
determincil by the cells rather than the environment in which they cxi.st. The 
resistance of spermatozoa which progresHvely decreasc.s as they move from their 
place of origin to the point when* they become, a component of semen, then, i.s 
snfhicnccd by change< within the cell rather than by change.s in the environment! 
It !s possible, however, that the environment to which .spermatozoa are .stibjectcd 
may alter the rate oi eh.ange whicVi occurs within the cells. 


’iiie results reportj'd in table 4 .show that the resistance of ejaculated Itoar 
spennatozo:! to a cold shock may be incre.nsed i)y the addition of egg yolk-phos- 
pirue buffer. However, the rcsistanee of these ep.cwhiir^d .spermatozoa diluted 
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■uith egg yolk-phosphate buffer did not equal that of undiluted spermatozoa from 
the epidid 5 TOis. Furthermore, the increase in resistance from 13 to 32 per cent 
was not as great as that reported b}’’ Lasley and Bogart (1943) or Lasley and 
IMaj-er (1944) for bull semen. The resistance of speiTnatozoa from bulls was 
increased from 13.1 per cent in non-diluted semen to 56.4 per cent in semen 
diluted nith egg yolk-phosphate buffer. All the evidence in these studies sug- 
gests that the cause of the reduced resistance and lowered ability of ejaculated 
spermatozoa to store resides in the cell itself i-ather than m the secretions within 
which it exists, and this contention is confirmed by the results of Lasley and 
Mayer (1944) who ini’estigated the comparative resistance of ejaculated and 
epididymal spermatozoa of the bull. 

CONCLUSIONS 

1. Secretions from the accessory glands did not greatly influence the resistance 
to a cold shock or storage potentialities of boar epididymal spermatozoa. 

2. The degree of dilution, using several different diluters, had no influence upon 
the resistance of epididymal spermatozoa to a cold shock. 

3. The fluids from the epididymis, obtained by centrifuging boar epidid 3 mal 
suspension, did not influence the resistance to a cold shock or stoi'age potentiali- 
ties of ejaculated boar spermatozoa. 

4. Diluting suspensions of epidid 3 'mal and ejaculated boar spermatozoa with 
egg yolk-phosphate buffer increased their resistance to a cold shock and their 
survnval under storage conditions. 

5. The resistance of spermatozoa to a cold shock and their ability to sun’ive 
during storage varies with the place in the reproductive tract from which the 3 '’ 
are obtained. Spermatozoa from the head of the epidid 3 mis are very resistant 
and survive during storage for long periods but their resistance and sundval 
capacity decrease as the distance of their location from the testis increases until 
spermatozoa in the ejaculate have practically no resistance or storage poten- 
tialities. 

6. It is suggested on the basis of the foregoing observations that the reduction 
in resistance and storage potentialities of boar spermatozoa are associated ^vith 
changes vdthin the speimatozoa rather than with changes in their environment. 

Acknowledgment, Gl 3 mden T. Easle 3 ’^ a.ssi.'^ted with castrations and some of 
the laboratory studies, and Professors E. A. Trowbridge and Dennis T. IMayer 
helped in the preparation of this manusci'ipt. 
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It has bpoti shown that tho resull.s of the indirect (cnlT) method of determining 
blood pressure in m;in must be standardized Ijefore they may be accepted as 
accurate measurements of t he arterial pre.ssure (1 , 2, 3, -J , 5). 1. sing the ordinaiy 

clinical procedure controlled by simultaneous measurement with an ojitical 
niiinometer of adeciuatc frequency inserted directly into the artery it lias been 
found that tho cuff readings will not measure the true arterial jiressure unless the 
width of the cutT is correct in relation to the circumference of the arm. 

It is common practice to determine the blood iirossure of the rat by the method 
of Williams, Grollman and Harri.son (G). This method involves the .same gen- 
eral principle as the ordinaiu' clinical method u.«ed on man. Figures got by this 
and similar methods (7, 8) are much lower than tho.se obtained in the rat by 
intra-arterial manometry (0). Moreover, the.so figures indicate the incredible 
notion that the systolic pressure is of the same order as (or lower than) the mean 
pre.«sure measured by arterial cannulation and the mercury manometer (10). 

'I'hese contradictions led us to investigate tho rat method and to check it 
against an optif^al manometer. A clue as to what might be wrong is .«;ecn in the 
fact that M’hen'as the best cuff width tomea.sure the lilood pre.ssure of the human 
infant is one inch (2 cm.) it is common practice to use a cuff 4 cm. (G) or 2G mm. 
(7) wide on the rat’s tail. These cufTs might be thought to be too wide and to 
give readings that are tot) low when tho comparative .sizes of tho rat’s tail and the 
infant 's arm ai-e kept in mind. 

.ViU'.vn.vrr.s. The optical manometer u.«ed was of the the hypodermic type (1, 
11) equippcfl with a blunted 2G G. L\ier needle, a short leaden tube and a heat 
treated beryllium copper membrane 0.0009 inch thick formed into a “pic plate” 
.-^hape to insure jiroportionality between pre.-'sure and deflection and to insure 
a stable zero. The natund frofjuency of the manometer as u.-ed is about 200 
cits. A typical na-ord is .diown in figure 1. Systolic pressure was measured by 
means of photographed calibrations at the peak of the pul.^e curves. The pre.s- 
smn pul.-?es could be mea.«ured to within 2 or 3 mm. Hg. 


For s(Mne time it has l)eon the practice in this laboratoiy to insert a stop- 
nx'k between the manometer and the leaden tube to facilitate calibration, to 
fix a lo<»p in the leaden tube for distributing laending simin ami to have the 
stupetH^k which is jdaced between the manometer and }n‘e,ssure on a .separate 
titling that will sennv into the manometer. A very slow stream of saline can 
entor th.e manurneter systimi through this stopcoc-k .sen-ing to prevent clotting 
up the mx'dles over long |KTi(vls of time and to minimize deterioration of the 


animal {d.<cL Pressun^ legist mt ion is in no way interfered with. 


02o 



626 


K, H. SHULEH, H. S. KUl’PERrviAX AND AV. F. HAMILTON 


The apparatus for indirect measurement of lilood pressure Avas made on the 
plan of Williams, Grollman and Hariison and a number of fairly coindncing 
estimations of blood jn-essure AA'ere made. It was not easy to be sure of the end 
point liecause, even though the animal Avas warmed according to directions, the 
fluid moA’ed up in the oncometer tube such a small distance that much argument 
ensued as to whether there was an end point, and if so at Avhat pressure. 

To make the tail plethysmograph a more sensitive indicator of the expected 
increase in volume Avhen the cuff alloAved blood to fill up the tail vessels the 
oncometer Avas lined Avith condom laibber tubing instead of cigarette drain tubing 
and its distal end aa'us plugged and sealed. There AA'as definite improA'ement in 
the AA'aj' the apjiaratus Avorked but aa'c AA'ere still occasionally at odds as' to our end 
points. This led us to substitute a A'cry narroAV G mm.) tube for the -|"inch Avater 
tube AA'hich had been used to indicate the Amlume increase of the tail. The end 
point AA'as much sharper and more reproducible Avith the capillaiy tube. The 
Avater IcA'el moved up in the oncometer tube 4 to 10 mm. sharpl,y and quicklA' 
as the cuff pressure fell. This is to be expected because aa'c are probabby tipng 
to obserA'e the effect of the entrance into the system of 1 to o cmm. of blood. 




I'if:. 1. Pressure ])ulse from t!ie carotid artety of the rat 

Ihe adA'antage of the smaller tube becomes obA'ious Avhen aa'g figure that it 
multiplies the moA'ement by .36. The effect of capillarity can be ignored, .since 
the pressure in the chamber around the tail is set at an optimum Avhich is deter- 
mined by experience and can be A'aried at the discretion of the operator. 

It Avas also found that Avhen the capillary tube Avas used it Avas not necessary 
to warm the lat or train the olxseiwer. We found no u.scful difference in end 
point sharpne>s whether the rats AA'ere Avarmed or not as long as the small tube 
Avas used, but we did find Avarming nece.ssary AA'hen using the large tube. The 
elimination of the complicated apparatus and procedures irn'oh'ed in AA'anning 
the rat has ol)vious adA'antages, nor is it .self-evident that the blood pre.ssure level 
is it.relf unaffected by Avarming the animal. 

do iiiA'cstigate the effect of cuff AAfidth on the relation betAA'ceu true pressure 
and cuff readings si.x interchangeable cuffs AA'ere made, dhey AA'ere like those 
described in the literatvu'e (6, 7) except that a remoA'able collar was desigiAcd to 
fit b(>t Aveen the cuff and the oncometer. The inside lengths of six cuffs Averc 36, 
26, 16, 7, 5 and 3 mm, 

PHOfEDfUK. To compare the direct and indirect methods of measui'ing blood 
})r(‘ssur{<, experiments Avere performed on six rats anesthetized AA'ith nembutal. 
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The ancsthcli 7 x;d rat ivas placed in the rat holder and Hs tail passed through a 
selected cult and into the oncometer. A carotid (usually the left) was cannulated 
with the manometer needle. Blood was forced out of the tail veins by raising 
the prcssui'c in the oncometer to 25-30 cm. HjO. The cuff pressure was raised 
to 200 mm. Hg and the oncometer pressure lowered to about 5 cm. HnO. The 
photakymograph was then started and the cuft pressure lowered slowdy. When 
the blood entered the tail and forced up the level in the water tube a signal was 
made on the record. The cuff pressure at this moment was compared vith the 
recorded systolic jiressuro. In some e.\'periments a second optical manometer 
was used to indicate pressure in the cuff, thus eliminating any possible error in 
reading the mercury manometer. Measurements showed that such error was 
negligible. Comparisons were made ivhen possible between the directly re- 
corded pressure and readings taken from all cuffs on each rat. A total of 168 
comparisons were made at various levels of blood pressine. Many cuff readings 
were taken on conscious, intact rats as well and their interrelation.ships found to 
be consistent with those described below. 

Kesults. The results of comparing tme .systolic pressures with cuff .sj^stolic 
pressures are shmni in figure 2. The 3 mm, cuff did not stop blood flow unless 
it was blown up to 270 mm. Hg and the use of this cuff was discontinued after a 
few trials, 

I'lic 5 mm, cuff gave results that were on the average closest in agreement with 
the true pressures. At high pressures the cuff readings were too high and at low 
pressures they were too low. 

The 7 mm. cuff gave variable results that were on the average low. 

The 16 mm. cuff gave readings 3G.5 =fc 5.0 mm. Hg too low. They tend to 
make a line that is parallel to the line of agreement between true pre.ssure and 
cuff readings and there is no tendency to average either at high or low pressures. 

'riie 26 and 30 mm. cuffs give readings that are low and distinctly more variable 
than those made with the 10 mm. cuff. 

Dlscussiox. Tlic 5 mm. cuff gave readings which are in best agreement with 
the true systolic pressures. The comparisons group themselves along a line 
which intersects the line of best agreement at ] 20 mm . Hg. The cuff gives falsely 
low readings at low pressures and falsely high readings at high pressures. To 
correct, the 5 mm. cuff leadings one could add roughly 7 mm. Hg when the reading 
is 100, M mm. when the reading is SO and one could subtract 7 and 14 mm. when 
the readings exceed 120 by 20 and 40 mm. Hg. Whether this procedure could 
be, extrapolated into tiuly hypertensive ranges or not cannot be .said at present. 

If one should decide to u.«e the 16 mm. cuff he could correct his reading.s to the 
{ rue .‘systolic pressure by adding 30.5 dz 5.0 mm. Hg to the readings. There does 
not Fcem to be any tendency for low and high readings to show different errors. 

To .ralvage the mcasurement.s which have appealed in the literature and which 
were made with 20 and 40 mm. cuffs, our d.ata indicate that they could be made 
more or les.s congruent with reality by adding 40 ± 10.7 mm. Hg. The random 
error with the wide cuffs is greater than with the narrower cuffs. The 40 mm. 
gap l>etwcen these figures and tnie .systolic pressures .riiould not be ignored. 
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Systolic iB-essurc in the tail avt^^rics probably is no higher than that in the 
carotid because the arterial tree is so small and quick-acting that it cannot be 
thrown into free oscillations (standing waves) as can the arterial tree of dogs 
and men (1, 9, 12). llcsistance to flow in the large arteries of the abdomen and 
tail is such that the diastolic and mean pressures in the rat’s tail arteries arc prob- 
ably only slightly less than in the ciirotid, 

. SUMMARY 

1. Simultaneous readings of systolic pressure of rats from the Williams, 

Harrison, Grollman (6) apparatus and from direct arterial puncture showed that 
j)ressurcs obtained by them were too low and that the disagreement was variable. 
Addition of -K) 10.7 mm. Hg to published figures null bring them to about the 

right, value. 

2. Substibition of a 10 mm. cutY for the 40 mm. culY (0) or 20 mm. cufY (7) 
gave n!a<lings which were consistently 30.5 ± 5.0 mm. Hg low, and which were 
less variable. 

3. .A 5 mm, cuff gave much truer readings. The}" were accnirate at 120 mm. 
Hg, but .somewhat too high above that level, and too low below that level. 
'Fhese crror.s can be corrected (.sec teKt), 

-1. The use of a J mm, capillary tube for the oncometer gave sharper end points, 
great('r reproducil)ility and eliminated the need of heatitig the ra.ts and of training 
tile ob.serviu-. 
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xSince the demonstration by Ryffel (1909) of an increased lactic acid concen- 
tration in the blood and urine of man after muscular activity, a number of 
reports have appeared on the general subject of lactic acid in relation to exercise. 
From the communications of Hill, Long and Lupton (1924); Liljestrand and 
Wilson (1924); Jervell (1928); Margaria, Edwards and Dill (1933); Dill, Ed- 
w'ards, Newman and Margaria (1936); Bang (1936); Newman, Dill, Edwards 
and Webster (1937) and Johnson and Edwards (1937), it is now possible to 
present a picture of the changes in blood and urine lactate during and following 
muscular activity. With the onset of exercise there is a rapid increase in the 
blood lactate concentration to a maximum; the magnitude of its maximum is 
greaterj other factom remaining constant, the greater the intensity of exercise 
(Bang, 1936). The ^dew has been expressed that this maximum concentration, 
once attained, remains constant during a continued steady state exercise (Hill, 
1926). A review of the literature reveals little evidence to support this and 
Bang (1936) has actually demonstrated that the blood lactate in man decreases 
even though the activity is continued in a steady state. Confirmation of this 
has come with the report of Flock, Ingle and Bollman (1939) that in the stimu- ' 
lated muscles of the rat the lactate content rises rapidly during the first minute 
and then declines, this decline being similar whether the muscle continues to be 
active or not following the initial stimulation. 

With cessation of exercise the blood lactate decreases, the recovery rate being 
such that the logarithm of the excess lactate is a linear function of time (Mai- 
garia, Edwards and Dill, 1933; Dill, Edwards, Newman and Margaria, 1930). 
Under some circumstances, especially with e.xercise of short duration, the blood 
lactate concentration continues to rise for some minutes after cessation of the 
activity (Laug, 1934; Dill, Edwards, Newman and Margaria, 1936; Bang, 1930). 
Investigators differ as to whether this rise is due to a lag in the diffusion of 
lactate from the muscles into the blood (Bang, 1936) or to an actual post-e.xei’ci.se 
production of lactic acid (iMargaiia, Edwards and Dill, 1933; NeA\man, 1938). 

Following e.\ercise of sufficient intensity, lactate appears in the urine. Lil- 
jestrand and Wilson (1925) noted quantities of this substance ranging from 140 

* The work described in this paper was done under a contract, recommended hy the Com- 
mittee on Medical Research, between the Office of Scientific Research and Development 
and Stanford University. 

The authors wish to express tlicir indebtedness to Dr. .lohn Field II for the use of erpiip- 
ment and to Dr. F. W. Weymouth for advice on the statistical treatment of data. Ac- 
knowledgment is made of technical assist.ance by Ellen Burton, Royce Skow, Bernard 
Hansen and Robert Morri.s. 
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lo 1370 nigm. over the resting level after a period of activity. The peak of 
lactate excretion occurs 10 to 20 minutes after the cessation of exercise (Jer\'ell, 
1928; Johnson and Edwards, 1937) and excretion is complete in 40 to 50 minutes 

after the cessation. n 

One of the many factors which may determine the lactate response of an indi- 
vidual to a given exercise is the individual’s exercise tolerance (physical fitness). 
Several reports allude to the higher blood lactate following a subraaximal exer- 
cise in persons considered unfit or untrained (Bock, Vancaulacrt, Dill, Foiling 
and Ilurxthal, 1928; Owles, 1930) or to a lower critical intensity of exercise for 
unfit .subjects bcj'ond which increases in blood lactate appear (Cook and Hurst, 
1933; Xewman, Dill, Edwards and Webster, 1937). Bang (1936) cites the 
lower blood lactate re.sponse to exercise of two subjects after a two month 
training period, an ob.servation which is confirmed by Edwards, Brouha and 
.Iohn.‘i(m (1910). The lower blood lactate response to a submaximal exercise 
after a training program was also observed by Robinson and Harmon (1941), 
who also rcjiorled a higher blood lactate response to exhausting exercise after 
a training period: this latter finding has been confirmed by Knehr, Dill and 
Xeufeld (1912). The urinary output of lactate in exercise also appears to be 
dccrca.scd after a training period, according to the results of Lewis, Hewlett and 
Barnett (1925). The modification of the lactate response by a training program 
is oon.sidercd reliable enough by Johnson and Brouha (1942) to include it in 
ail index of physical fitness. 

On theoretical grounds there seems to be a real basis for a relationship between 
fitnc-ss and the lactate response. On the a.ssumption tliat the lactic acid of ex- 
erci.«c an.'se.s mainly as the re.sult of anaerobic glycolysis (Bang, 1936; Jervell, 
1928) in the muscles during the initial period before the circulatorj? and respira- 
tory adjustments arc completed, it is understandable how physical training, bj’- 
making these adjustments mom efficient either in speed or degree (or both) and 
tiunvhy decrea-sing either the degree or duration of anacrobiosis in the muscles, 
can lower the lactate production in relation to a specific exercise. Since the 
ixK'^ults thus far .am suggestive rather than statistically conclu.sive, it remains to 
in; seen whether such a theoretical expectation is capable of experimental 
ren’fication. 


It i.s the aim of thfi; report to piescnt data on the blood and urine lactate re- 
siK)n.-e to exercise of a group of young men in several states of fitness; to il- 
liistrate the lime cour.=e of the rc-sponse in these individuals; and to examine the 
data for a jin.^e^iblc qmintitativc relationship between fitness and some function 
of tlie lactate response. 


Pr.oci'.oum:. ’fhe 47 .subject.^ in the.se experiments were college student.s .and 
hdMwai'.ny workers, varying in age from 1 9 to 33 yearn. All were in good liealth 
and m ixvpect to phy.>^iea! training nmged from men who lake vigorous exercise 
ivpdarly to laboratory workef.- who lead .sedentary lives except for the aclivitA' 
involved in rotUine lalKuatory work. The lactate re,sponse of the.'^e individuals 
studied in three tyises of hmscular e.xercLe: 
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I. Submaximal treadmill walk for 15 minutes. Speed was 100 meters per minute and the 
grade was 15 per cent. 

II. Submaximal arm-and-leg stool stepping for 2 minutes with a step height of 1S,5 inches 
and an ascent-descent rate of 40 per minute. In this exercise one hand grasped a horizontal 
bar 70 inches above the floor while the ipsilateral foot rested on the stool. The body was 
raised through a distance equal to the height of the stool by the simultaneous pull of the 
arm (flexion) and extension of the leg. At each cycle pull-up arm and step-up leg were 
changed thus giving to all the appendages an equal opportunity to share in the work. A 
knapsack for weights was carried on the back of the subject, 

III. Treadmill exercise in three sections: (a) preliminary treadmill walk at 106 meters 
per minute and a 5 per cent grade which lasted for 4 minutes, (b) a sitting rest period of 4 
minutes, (c) a treadmill run to exhaustion at 162 meters per minute starting at a 5 per cent 
grade and increasing the grade 1 per cent each minute until the subject quit. 

Between 0.1 to 0.5 ml. of blood was collected in tubes coated Yith oxalate, 
and fluoride, the blood being obtained from two closely spaced stab wounds in 
the finger tip. In the case of the treadmill walk (I) blood was collected before, 
during and for 60 to 90 minutes after cessation of the c.xercise. For the stool 
stepping exercise (II) blood was collected before and for 60 to 90 minutes after 
tlie end of the work. With the treadmill exercise (III) blood was obtained 2 
minutes after the end of the prcliminaiy walk (Ilia); 5 minutes after the end of 
the exhaustive run (IIIc) and 20 minutes after the end of the exhaustive run. In 
12 .subjects blood was also collected before the beginning of the walk (Ilia) and 
in two subjects blood was also obtained during the exhaustive run (IIIc). 

In the case of tj^pes I and II tests, urine samjdes were collected before the 
beginning of the exercise and at intervals following the end of the ex- 
ercise. I'rincs from subjects in the ba.sal condition were collected after a 30 
to 40 minute rest which was preceded by voiding all jjreviously formed urine 
and imbibing 500 ml. of water. 

The licart beat was recorded by means of the cardiotachometer of Henry 
(1937). I he respiratory metabolism was also determined; for this pui'pose the 
air expired through cither a face mask or mouth piece was collected in a 400 liter 
double chamber gasometer, C’ollcction.s of expired air were made during the 9 
to 14 minutes of the 15 minute treadmill walk (type I); during the 1.5 to 4 min- 
ute.s of the preliminary treadmill walk (Ilia); and dui'ing the last minute of the 
maximal treadmill run (IIIc). Duplicate samples of this expired air were 
analyzed for oxygen and carbon dioxide by means of the Haldane apparatu.«. 

1 he blood and urine lactate concentrations were determined by the procedure 
ol Barker and Summer.son (1941). To indicate the standard error of these de- 
terminations, the re.siilt.s of duplicate analysc.s of blood collected from 31 subject.-^ 
during the t3'pc HI te.st have been treated statisticall.v. This anah'sis cover.'^ a 
range of blood lactate from 20 to 300 mgm. j)cr cent. In table 1 A are shown the 
mean blood lactate concentrations, the standard error (S.E.) and the coefficient, 
of variability’. The .standard error is given by' D/1. 1284, whei’c D is the average 
difference between dujdicate samples without regard to sign, 

Rk.sult.s. I. Resting blood and nrinc laclalc. Tiie individual and mean 
'.■alue.^: 0 ! the blood and urine lactate concentration of 11 subjects in the post- 
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absorptive, resting state are indicated in table 1 B. All the earlier literature 
(Jervcll, 1928) gives somewhat higher values for resting blood lactate than are 

TABLE 1 A 

Diiplicalc anahjsis of blood for concentration of lactate during treadmill experiments 

{type III) 



Ur.A'H 

S.K. 

Host {not basal) 

Vttn.% 

28.5 

<nsm. % 

4.4 

2 ininiitoK .afto,r walk 

32.5 

2.8 

fi minutes after run 

215.0 

10.3 

20 minutes after run 

143.1 

10.9 




TABLE 1 B 


Por,t-ahsorptivc, resting blood and urine lactates 


r.vnjECT 

BLOOD 

URINn lACTATT. 

Cone. 

Total 

Rate 

1 

rngnS/c 

mrm. % 

mgm. 

ngn./min. 

'.L i 

7.3 

2.12 

0.70 

O.OIG 

< 

10.3 

1.25 1 

1.06 

0.023 


14.5 

1.11 

1.33 

0.024 

t.S i 

7.0 

3.29 

2.20 

0.059 


11.3 





13.4 

0.7C 

1.19 

0.028 


9.8 





13.4 i 





11.2 ■ 

1.61 

1.21 

0.023 


14.8 

l..}7 

1.31 

0.034 


11.0 1 

1.30 

0.90 1 

0.023 


S.4 

2.93 

2.43 

0.053 


1 IG.O 

1.13 1 

2.03 j 

0,040 

t. 0 

j 0.4 

0.49 

0.96 

0.022 


1 13.4 

0.78 1 

0.83 i 

0.036 


14.3 

l.CO 

1.20 

0.028 

t. H 

i 13.2 

0.37 ! 

1.5G 

0.020 


1 11.3 

1.82 j 

0.8S 

0.021 


j 11.2 

1.72 

3.44 i 

0.063 

). K. 

! 15.1 

0.60 

1 2.54 1 

0,073 

'. B. 

i 14.4 


1 


LU 

i 9.9 

1 

I 


\r. 

j 22.7 i 

i 1.43 

1 3.03 1 

0.053 

-K. 

1 i3.2 j 

f 1 

1 2.05 i 

1.45 1 

‘ 0.042 

Moan? ! 

! i 

1 

1 **T * 

1 ,*il j 

1 

1.61 1 

0.036 


jTivvii in tiiis table but a number of the more recent communications present 
^ it! the same range. The msults of Decker and Rosenbaum (1942) 
»lU!ur.e<l also vntl! the Batker-j?ummfj>'on method, are somewhat iower than 
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the figures for blood lactate given here- The figures for resting uiine lactate 
shown in table 1 B agree well with the few data available in the litera- 
ture. Liljestrand and Wilson (1925) report an excretion of 0.1 to 0.25 mgm. 
lactate per minute while values of 0.013 and 0.015 mgm. per minute for two 
experiments are given by Johnson and Edwards (1937). 

II. Lactate response to suhmaximal exercise. Nineteen subjects performed the 
15 minute walk (type I). In all experiments each subject rested for at least 30 
minutes on a bed before exercising, during which time samples of finger blood 
and all the accumulated urine Avere collected. Representative curves to indicate 
the time course of the blood and urine lactate clianges in four subjects are pre- 
sented in figures 1 and 2. Subjects B. H., F: C. and C. K. were in poor physical 
condition in contrast to J. D, Avho was a cross-countiy runner and Avas in excellent 
condition at the time of the test. These curA-es, along AA'ith the mean curves for 
all the subjects of figure 3, shoAv that the blood lactate concentration rises rapidly 
after the beginning of exercise, reaches a peak, and then declines along a cuive 
in AA'hich the rate of decrease is a function of the time after cessation of the ex- 
ercise. Only 2 of the 20 subjects shoAA-ed a higher blood lactate concentration 
AA-ithin tAA'o minutes after the cessation of activity than the peak Amlue during the 
AA-alk. There is no suggestion in such a steady state exercise of a post-exercise 
rise in blood lactate concentration; neither is there any indication, AA'ithin the 
limits of the time intervals involved, of the attainment of a steadj' state blood 
lactate concentration. 

Identical experiments performed on the same individual on different days 
yield lactate response cuiwes that indicate considerable day-to-day A'ariability. 
This is seen in the duplicate test of F. C. (fig. 1) and the triplicate test of B. H. 
(fig. 2). A similar variability was obtained in the stool-stepping e.xercise (type 
II) Avhere a much larger proportion of the body musculature is active than in 
the treadmill AA^alk. These Avide differences obtained on separate occasions, 
associated Arith no knoAATi change in the fitness of the subject, indicate the diffi- 
culty invoRed in obtaining a reliable figure based on only one or a feAV tests 
Avhich is significant in characterizing the indiAudual. 

The time course of lactate elimination through the urine is also indicated in 
figures 1 and 2 A\'here the rate in mgm./minute is plotted in each case A'^ersus the 
midpoint of the collection period, the duration of the collection interA'al, in 
minutes, being indicated by a printed figure adjacent to each point on the graphs. 
The amount of excess lactate that appears in the urine as a result of the exercise 
A-aries from indivuduals Avho show no increase (J. D.) to those Avhose urines 
excrete .seA'eral hundred milligrams (B. H.). The major portion of the excess 
lactate is contained in the urine collected OA'cr the 10 to 20 minute interv'al after 
the end of the exercise. By the 40 to 50 minute period the urinaiy output ot 
lactate has returned to the resting leA-el. This time couise of lactate excretion 
is similar to that already reported by Liljestrand and Wilson (1925) and Johnson 
and Edwards (1937). 

Ill, Lactate response to maximal exercise. The blood lactate responses during 
and after the maximal treadmill run (type IIIc) are given for 2 subjects in figure 
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4. V. L. wji.s an utlilctc wiso nm for tho snpcrnu' time of 13 mimitcs on 

the tc5t wliiUt H. M. was a lahoi-atory worker who <'tvntutnfMi for the sIikIiIIv 
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below average time of 7 minutes. In the case of V. L. there is evidence of a post- 
exercise increase in blood lactate concentration for some minutes following the 
termination of the run. For the 31 subjects who performed the type IIIc ex- 
ercise the mean ^mlue of blood lactate 5 minutes after the end of the run was 
217.6 mgm. per cent with a range of 117 to 328 mgm. per cent; 10 minutes after 
the run, the mean value was 144.1 mgm. per cent -wnth a range of 54 to 243 mgm. 
per cent. This wide scatter gives no e\'idence of a “ceiling” lactate level toward 
which the subjects approach when reaching the point of exhaustion. 

IV. Laclaie response and physical fitness. In order to elucidate the relation- 
.ship between the lactate re.sponse and fitness an analysis has been made of the 
data obtained on the 19 subjects who performed the 15 minute treadmill walk 
(t 3 'pe I). These subjects have been segregated into the following 3 gi’oups on 
the basis of personal knowledge of the subject’s exercise background and on the 
basis of results obtained from performance tests used in this laboratorj' which 
are to be reported elsewhere. 

Group I. Athletes or men who have performed in a superior manner in the 
laboratory. 

Group II. Men who have taken regular but not competitive exercise. 

Group III. Laboratory workers who exercise little or not at all. 

The time coui-se of blood lactate concentration for these three groups along 
with the mean curve for all 19 subjects is reproduced in figure 3. It is obvious 
that for both the e.xercise and post-exercise periods group I exhibits the lowe.st 
lactate level; group III, the highest lactate level; while group II occupies an 
intermediate position. To characterize these three groups more completely 
the results of other phj'siological measures have been combined with the blood 
lactate concentration at two points in the post-exercise period to jdeld table 
2 A. From these data it appears that in contrast to an unfit subject, a fit man 
has, on the average, a lower post-e.xercise blood lactate concentration, a lower 
total excess urine lactate, a lower heart rate during the e.xercise, a higher oxygen 
consumption, a lower R.Q., and a lower ventilation. Using Fisher’s t (Croxton 
and Cowden, 1942, p. 330) the data have been analj’^zed for significance of differ- 
ences. The re.sulting I and Ft values for the comparison among the three groups, 
which are reproduced in table 2 B, arc of interest in that thej’’ indicate that the 
differences between the means of the three groups do not attain statistical sig- 
nificance except for the extreme groups .1 and III. The oxygen consumption 
has no significance even for these extreme groups. It is notable that blood 
lactate and urine lactate may serve to differentiate fitness groups better than do 
heart rate and respiratoiy mea.sures. 

Reference has alread,y been made to the variation in blood lactate response 
of the same individual when tested on .several different occasions. This, of 
coume, lu'ings into question the reliability of anj’ one lactate determination. 
This reliability has been a.sses.sed b.v computing the reliability coefficient (r; 
between test and retest blood lactate determination.s) foi- the 31 subjects in the 
ca.se of both the i)reliminarv treadmill walk (types Ilia) and the maximal tread- 
mill run ftyjK; life). A value of unity for this coefficient would, of course, indi- 
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catc oomplctc agreement betAvcen the test and retest determinations. For the 
jireliminary walk the reliability coefficient was found to be 0.77; for the maximal 
run they were 0.71 and O.Sl, respectively, for the 5 minute and 20 minute post- 
exercise values. Tlie.se coefficients, though not liigh, compare favorably with 
the coefficients of other physiological measures which have been determined in 
thi.s laboratory and are to be reported later. The conclusion seems warranted 
that, for te.sting pinposes, blood lactate determinations have at lea.st as high, if 
not a higher, reliability than such mca.surcs as heart rate, vcntilat.ion, etc. 


TABLE 2 


Comparison oj ihrcc fitness groups in 15 minute treadmill wall: 
.\. Group means 



i 

1 

n 

III 

Blood lactate | 

5 inin. pdst-cxcrcisc j 

1 

1 

50.1 

04. G 

93.5 

20 min, po-st-cxcrcisc ; 

' 41.0 1 

.52.1 

75.4 

Excess urino lactate 1 

1 4.. 3.3 i 

18.S 

1G5.5 

.Maximal exorcise heart rate 

1GG.2 1 

! 172.4 

180.5 

Oxygen consumption j 

37.1 i 

1 .3G. 1 

.35.0 

Carbon dioxide production j 

34.9 ! 

i .34.1 

.34.3 

Re.spiratory quotient ' 

1 0.94 

j 0.04 

0.98 

Total ventilation 

j 73S 

j 728 

i 849 


B. Significance of difference between groups 



j I-JI 


U* 

HI 

1 -ni 


A. J. 

Pt 

t 

Pt 


Pi 

Blood lactate 

1 \ 






.5 min. po.st -exercise . . 

. .. 1 1.27 i 

0..50 

2. 1C 

o.oc. 

.3.78 

0.003 

20 min. post -exorcise 

! 1.20 i 

0.2G 

1.91 

0.09 

3.23 

O.tKX) 

Kxce.ss urine lactate 

. . : 1.G9 ; 

0.12 

2.29 

0.05 

2.81 

0.02 

Maximal exercise heart rate 

... ; 1.7G t 

0.10 

1.31 

0.23 

2..5.S 

0.03 

Oxygen con.'^umplion . 

. .. ; (3.31 i 

0..50 

0.41 

0..50 

0.79 

0.44 

Carbon dioxide production . 

.. ( 0-2.5 : 

0..5() 

0.07 

0..5fJ 

0.23 

0.,5(J 

Besiiiratory quotient ... 

... ; 0.(X) : 

0-50 

2.:i-5 

0.05 

2.9S 

0.01 

Total ventilation 

. ; 0.18 1 

O..50 

1.7.8 

0.10 

2.0! 

0.07 


The givater blood iaotaie response to subin.’iximal cxerci.se of the unfit. sTubject 
us compared with the fit person is also seen in the ca.«c of the stool stojijjing f;xcr- 
cise (type H) with varying loads. In this ca,-e an extremely unfit subject (P. ]^.) 
«us com]>’m'ti ^uth n man who was clearly above .'a'erage in the matter of ex- 
endse toleranoo. ITom the results (tig. .d) it will be seen that P. L. earrving no 
heal gave a much greater lactate ’vspon.'^e tlmn R. with either no loud or 
with. a. 10 ih, loud. It will :i!s<t be seen that ib L. with only a 10 11). load gave a 
gnuiler response tlum did R. with dO Ib.s. The heart mtc fur tlK-.s-e two .sul> 
lects iinaNimai exercise r.uc and mfe 1 minute after e.vcrcise) also indicate-' 
rleady the <r!neren<v in tltnrss between tlicse two individuals ffig. h). 
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Discussion and interpretation. The time course of blood lactate to sub- 
maximal exercise confirms the interpretation of Bang (1936) that lactate produc-: 
tion, beginning immediately after the onset of exercise, rises to a maximum, and 
then declines without attaining a steady level for any significant period of time. 
No equilibrium conditions are apparently set up between the processes of pro- 
duction and dissipation of lactic acid; rather this compound appears to be re- 
lated to a period of adjustment associated with the beginning of activity. 

Heretofore inadequate data or failure to apply rigorous statistical methods 
have left the problem of lactate and physical fitness in an inconclusive state. 
The findings of Robinson and Harmon (1941) and of Knehr, Dill and Neufeld 
(1942), on the effects of training, arc extremely suggestive, but the variations 
between individuals appear to have been so great that it is unfortunate a statisti- 
cal treatment of the data was not published. The results of blood lactate de- 



lerniiiiations on 40 men aftei' a treadmill run (Johnson and Brouha, 1942) are 
also available in this connection. These authors segregated their subjects into 
4 groups on the basis of an estimate of relative fitness and from the results con- 
cluded that the blood lactate is higher in the groups lower in the scale of fitness. 
Actually this is what the present report indicates in so far as submaximal work is 
concerned, but it is difficult to see how the data of Johnson and Brouha prove 
this point. Not only is grou}) D (men in poor condition) mi.splaced (since the 
data show the mean blood lactate to bo 113 mgm. per cent, rather than 131 and 
130 as given by Johnson and Brouha), but no statistically valid difference can 
be shown to exist between the two extreme groups (A and D). In reality Johnson 
and Brouha’s cxpenmental arrangement was a poor one to decide the rclation.ship 
between lactate and fitne.s.s, since men able to run for five minutes were stopped 
at that time, while other.=? conlintied to the exhaustion point because this was .still 
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within ilie five minute limit. 'I'hi.s aiTangcment tends to make tlie work sub- 
maximal for group.s A and B Avhereas it is exhaustive for groups C and D. As 
Robinson and Harmon (1941) have pointed out, the lactate rcspon.se is quite 
difTerent in the two types of activity. 

One suggestion that cmcrgc.s from the results of table 2 i.s the finding that the 
total exce.ss urine lactate is, like the blood lactate, related to fitnes.s in the case 
of submaximal work . 3'hc training studies of Inwis, Hewlett and Barnett (1925) 
also ])oint to the .same conclusion. Practically, the use of urine in a test for 
physical fitnc.ss would not only obviate the problem of blood collection but would 
also yield a large quantity of material for anal3^sis, making unnccc.ssaiy micro- 
methods with their attendant difficulties and errors. The use of urine in connec- 
tion with a macro-method might greatly improve the figures for the reliability 
coefficient of a lactic acid determination. 

SUMMARY 

Experiments arc reported in which the blood and urine lactate concentrations 
were determined in rest, during work of various types, and in t he recovery period 
following this work, 'fhe rcspon.so of 19 .subjects in varying degrees of fitne-ss 
to a 15 minute treadmill walk (submaximal work) indicates that the blood lactate 
ri.ses rapidly with the on.sct of work, reaches a maximum concentration at or 
before the completion of the work and then declines along a die-away curve, 
reaching the resting level in from 30 to 90 minutes after t he end of the walk. As 
a group, less fit individuals appear to give a significantly greater blood lacbite 
concentration throughout the entire period of the lactate rc.spon.se to the ex- 
crci.se than do fit individuals. Lactate excretion via t,hc urine is maximal in t.hc 
10 to 20 minute period after the work and is complete within t he 40 to 50 minute 
period. The total excess urine lactate in rcsimnsc to the activity also is sig- 
nificantly related to the fitness of tbc group, as le.'^s fit individuals, again as a 
group, show larger quantities of this compound. In a tcst-rctcsl scries on 31 
subjects involving both submaximal and maximal work it was found that the 
reliability of blood lactate dctermination.s is at least as high as the reliability of 
other commonly used phy.riological measures. 
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'riie idea has been held by (hose interested in the study of fatigue that wliclher 
a subject feels "good” and ‘‘full of pep” or whether he feels “bad”' and “tired” 
has no relation to the amount of work he is (;a])able of ijcrforniing on an ergom- 
cter. 'J'his idea apparently had its origin in observations to the effect that 
when a subject felt good, his work output was not always increased, and when 
he felt bad it was not always decreased. 

It appeared that no data had been analyz('d to determine the relationshi]) 
between these factors. It is ciuite conceivable that feeling good might actuallj’^ 
be associated with decreased work output on the crgometcr. Therefore, these 
data were collccled and analyzed. In addition, we collected and analyzed data 
regarding the relationship of the amount of sleep obtained by the subject in the 
preceding twenty-fo\u- ho\u‘s and also of the period which such sleep eovci'cd. 

The internal, factors referred to in the title of this paper have not been further 
analyzed by us; we have not even attempted to name them. For instance, there 
exists some factor which will cause a given subject on a given day to exceed his 
average work output in the first work-period and to compensate for it by a lowci* 
work output in the second Avork-period, thus producing a low percentage of 
recovery. We have chosen to call the.se unknowns internal factors by wax' of 
contrast with such external factom as the environmental temperature and 
humidity. 

Method. Seven trained subjects (medical stmlcnts) performed double Avork- 
poriods on the bicycle ergometer (i). A total of 378 such performances com- 
prhe the data of (lie i)i-csont study. The.se data are comi)ared Avith the following: 
the .subject’s c.stimate of hi.s feeling-tone at the beginning of the j)eiformance, 
the amount of .-jIcci) obtained by lum in the preceding twenty-four hours, and the 
period which such .sleep covered. 

In tiic .selection of subject.'^-, musctilar develojjment Ava.s given no con.sideration; 
wiilingne.ss on the part of the candidate to cooperate in the invc.stigation con- 
.■'tiliited the .sole basi.s of .‘■•election. The .‘■ubject’s phy.cical exercise Ava.s limited 
to liF performances on the ergometer. Hi.s diet av:ls adc<nmlc in all known c(jin- 
pijnents and foo.l intake Ava.< a eon.^lant factor, I’he .subjects Avere retpiirefl to 
eat .and slee5» in e. insspital near tlic labondory. 


- Tins sniity Avns niued by a s:raBt from tlw .\bt>on i'mid of Northwe-Htern Univer-riH- 
Ti;r rinthnr;: .are p:rcr.‘dy irub’l.tf'd in .Mr. Kenneth \V, Revdl and .Mr. Usnie! H. EHimore nf 
0:0 rjuti'd Putdie Heals h Serdcc foraceftSH to, and aj=?;.*?t,ancc in Hic nseof, Kb'iti-jie-jl 

r'issdtis-.rry fnr pui'.ehsni: eards.nntj t<> Dr. Ivy for She IriiSias intpiraPon 
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The performance on the ergoineter consisted in the following: the subject 
perforpied until unable to maintain a rate of 1,235 kgm.-m. per minute with a 
pedalling rate of 54 revolutions per minute, then rested for ten minutes on a 
nearbj’’ bed, and afterwards pei’formed again until unable to maintain the stand- 

TABLE 1 

First riding lime in relation to recovery 


PERCENTAGE OP RECOVERY 


riRST Riomc Tiun 



50-59 

60-69 

70-79 

80-89 

90-99 

100- 

109 

110- 

119 

no- 

no 

no- 

no 

Totals 

minutes 









■ 

■ 



1.00- 2.99 




3 

17 

20 

4 

2 



1 

48 

3.00- 4.99 


2 I 

22 

42 

31 

8 






105 

5.m~ 6.99 


2 

11 

60 

42 

10 

4 

B 




130 

7.00- 8.99 


G 

27 

22 

5 



II 




60 

9.00-10.99 

1 I 

12 

9 

1 








23 

11.00-12.99 

2 

5 

2 






■ 



9 

13.00-14.99 

i 

i 

3 






■ 


■ 


3 

Total 

3 

30 

71 

128 

95 

38 

8 

3 

g 


n 

378 


TABLE 2 

Total riding time in relation to recovery 


TOTAL RIDING TIMH 

30-39 



60-69 

70-79 

80-89 

90-99 

100- 

109 

Mo- 

no 

no- 

no 

no- 

no 

Totals 

minutes 


B 








B 



2.00- 3.99 


B 


2 

7 

15 


2 

1 

B 


29 

4.00- 5.99 


B 

i 2 

23 

25 

6 




B 

1 

59 

6.00- 7.99 



j 20 

15 

11 

3 




B 


51 

8.00- 9.99 i 

i 

B 

7 

43 i 

21 

8 




B 


— 

10.00-11.99 

1 


10 

29 

26 

5 ! 


1 


B 


78 

12.00-13.99 

i 

B 

21 

13 

1 

1 




B 


43 

14.00-15.99 

2 

B 

6 

2 

4 


1 1 





23 

16.00-17.99 

1 

4 

1 3 

1 






B 


9 

18.00-19.99 

1 

2 

2 



1 




B 


4 

20.00-21.99 

! ! 
\ 

2 

f 










2 

Totals 

3 

30 ; 
1 

71 

128 

95 

38 

8 

3 

1 

0 

m 

m 


ard rate of pei fonntmce. 'L’lie use of the double work-})eriod thus described has 
I)een found to give moi-c consistent results (2). The time of iJcrformance was on 
Monday, Wednesday and Friday afternoons between two and four o'clock, 
llecord of the perfonnance was in terms of minutes and seconds for first riding 
time and for second riding time, 

'I he subjef:t’.s estimate of his feeling-tone at the beginning of the perfoi'inancc 
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was provided at that time by means of a scale of 15 points, with J representing 
“the worst you ever felt in your life,” 8 “the way you usually feel,” and 15 “the 
best you ever felt in your life.” At the same time the subject indicated the 


TABLE 3 

Fccling-ionc in relation to total riding time 


tOTAI. SIDING TIMT. (mNUTES) 


TONE 


; 4,0O~' 
5.99 

6.00- ! 
7.99 

8.00- 

9.99 

10.00- 

11,99 




18.00- 

19.99 

i 

20.00- 

21.99 

Totals 

4 



1 

2 


H 

1 

i 

1 


3 

5 

1 


2 


1 

■■ 





5 

G 

1 

9 

5 

3 

1 


2 

1 



22 

7 

6 

5 

3 

G 

7 

5 


2 



34 

8 

4 

27 

32 

3S 

41 

14 

G 

3 

1 


1G6 

9 

6 

5 


3 

5 

2 

■■ 


1 


22 

10 

5 

11 ! 

2 


2 


■1 




21 

11 

6 

1 i 









7 

12 1 

mm 

1 





■■ 


1 

1 

4 

No infor. 

H 


G 

28 

21 

21 

12 

1 

3 

1 

2 

94 

i 

Totals 

29 

59 

51 

SO 

78 

43 

23 

9 

4 

2 

378 


TABLE 4 

Number of hours of sleep in relation to total riding time 


sriinr.R or uovss 


TOTAI. EIDI.VC TIME (UINUTES) 


or sixrr 

2.00- I 

3.99 ] 

4,00- 1 
5.99 j 

6.00- 

7.99 

i 8.00- 

I 9.99 

10.00- 

11.99 

12.00- 

13.99 

14.00- 

15.99 

16.00- 
17.99 1 

18.00- 

19.99 

20.00- 

21.99 

Totals 

1.00- 1.99 1 

1 

j 



1 

1 






1 

2.00- 2.99 











0 

3.00- 3.99 



i 

i 

] 

2 

i 

1 






2 

4.00- 4.99 



i 

i 

i 



1 



1 

5.00- 5.99 

2 


! 2 

1 

4 1 



1 



10 

G.OO- 6.99 i 

i 

9 1 

1 s 


15 1 

5 

3 

1 

i 

j 


46 

7.00- 7.99 

11 

24 j 

mm 

i 27 

25 I 

12 

8 

■■ 

3 


120 

8.00- S.99 

14 i 

26 ; 


1 IG 

13 i 

5 

1 

■I 

j 


101 

9.00- 9.99 

! 1 

1 i 

1 i 

m 

i 1 

1 




j 


2 

10,00-10.99 

i ^ 

1 1 

] 

! I 


i 

i 

! 

I 


1 

No infor. 

i 

5 

I G ^ 

! 26 

21 ; 

i 21 

( 

11 

1 

3 i 

1 

1 1 

2 

91 

Totals. 

; 29 

I 59 

i 51 

: ^ 1 

1 j 

1 43 1 

1 J 

23 1 

9 i 

' J 

^ ! 

1 i 

2 i 

1 

378 


nnanint of sloop obtained Iw him in the preceding twenty-four houm and tlie 
jH’riod wjiich the sleep covei-ed, by stating the bed-time and the waking-time. 

The data of ]»erforn'.ance on the ergometer have been analy^ed as follow.?: 
o:i the one h.aiHl, in term.': of the numl>cr of minutos eojnpri.«ing, respethivelv ihr* 
f.rst ridinfj time, the sfoond rtdnw l;m>' and the total ridi7ig U'nie. or sum of th*c first 
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and second riding times; bn the other hand, in terms of the quotient obtained 
on dividing one hundred times the second riding time by the first riding time 
■which is designated the 'percentage of recovery. 

TABLE 5 

Bed-time in relation to total ridmg time 


TOTAi rnmne time (minutes 


BED-TIifE 

2.00- 

4.00- 

0.00- 

8.00- 

10.00- 






ToUls 


3.99 : 

5.99 

7.99 

9.99 

11.99 






22:00-22:29 ' 

1 



1 





j 


2 

22:30-22:59 ! 




6 

6 






12 

23:00-23:29 i 

5 

8 

4 

15 

5 

4 

1 




42 

23:30-23:59 1 

9 

18 

28 

16 i 

16 

4 

3 

2 

0 

1 


98 

24:00-24:29 

9 

20 

2 

10 

19 

6 

2 

2 

1 


71 

24:30-24:59 

2 

4 

5 

2 

5 

6 

i 6 


1 


30 

1:00- 1:29 

3 

i 6 

5 


2 

2 


1 

1 

1 


18 

1:30- 1:59 


1 

1 


3 



1 



6 

2:00- 2:29 


2 


i 1 







3 

2:30- 2:59 




2 

1 




4 


3 

3:00- 3:29 





I 

1 


1 



1 

3:30- 3:59 




1 

i 






1 

No infor. 



6 

26 

21 

21 

11 

3 

1 

2 

91 

Totals 

29 

59 

51 

SO 

D 

43 

23 

9 

4 

2 

378 




TABLE 6 

Feeling-lone in relation (o recovery 


rEEUNC-TOKE 1 

30-39 

1 j 

40-19 

50-59 i 

60-69 

70-79 ■ 

80-S9 

90-99 

100-109 

110-119 

129- 

129 

130- 

139 

Totals 

4 1 

i 


1 


2 





iim 


3 

^ i 



1 


2 





■ 


5 

6 


2 

1 

5 ' 

8 




1 


1 

22 

7 : 


4 ! 

3 

9 j 

11 

7 

! 


1 



34 

8 

1 

9 j 

‘ 31 

65 

49 

6 1 

3 

2 

j 



166 

9 ; 


1 1 

1 

8 

7 


1 





22 

10 



2 

11 

2 


1 ■ 





21 

11 


\ 

\ 

1 

1 



1 

i 



1 ' 

12 

' t 

1 : 

1 j 


1 

1 

1 


i 

■i 


4 

No infor. 

2 1 
' 1 

13 ! 

30 ! 

29 

12 

7 

1 



Hi 


94 

Totals. . - 

■ 

3 ; 

30 ; 

"1 ; 

128 

95 

3S 

8 

3 

1 

0 

D 

37S 


The data of the subject’s estimate of his fccling-tone at the beginning of th^ 
pcrioi'mancc have been analyzed in terms of the inifex of fccling-tone according 
to the scale used; the amount of sleep obtained by him in the preceding twentr- 
fonr hours, in terms of the number of hours of sleep, and the period which the 
sleep covered, in terms of bed-time according to lialf-liour intcivals. 
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Piusui/rs. i. It i.s bore sliown tliat the percentage of recovery is negatively 
correlaled with the sum of the work clone in the two work-pgiiods (table 2). This 
i< tile qunnlitalive confirmation of an inference which can be drawn from chart 

TABLE 7 

Kiiwbcr of hours of sleep in relation to recovery 


rrscT-KTACE or kecoverv 


SLSJM.F (ir irovRS 
or M.nr 

.Mt-39 

40-40 

50-50 

tiO-69 

70-70 

KO-80 

. 90-99 

i 

100- 

109 

no- 

no 

no- 1 

129 ! 

no- 

no 

Totals 

1.00- 1.90 





1 


i 





1 

2.00- 2.00 












0 

3;00- 3.09 


i 


1 

I 







2 

•t.(K)- -1.09 

1 

1 1 




1 


i 




1 

o.oo- n.oo 



2 

3 

4 


1 


1 



10 

G.O0- G.09 

1 

-1 

-1 

15 

IG 

i -1 

2 i 





4G 

T.OO- 7.00 

1 

0 i 

IG 

4-1 

37 

■I 

4 i 





120 

S.OO- S.OO 

i 

i 

21 

3-4 1 

24 

mm 

1 i 

2 j 



1 

104 

9.00- 0.00 

♦ 


1 

2 ' 


m 

i 





2 

10.00-10.00 





1 



1 : 




1 

No in for. 

1 

13 

2S 

20 

12 


1 1 

i 

i 




91 

Tot.nls*. 

3 

30 

71 

12S 

05 

1 

38 

i 8 

1 

1 3 : 
1 

1 

1 i 

1 

0 

1 

378 


TABLE S 

Ihd-liutc in relation to recovery 

rcFrrs'TAcr. or Rr.covr.KV 


rtij-rjvM j 

1 50 
\ 




70-79 

Ko-e'v 

90-99 

100- 

ice 

no- 

119 

no- 

129 

V,", ! Totals 

22;00-22:20 j 



1 




1 



j 2 

22;3()-22:r)'i ; 


1 

7 

4 






12 

23;tKl-23;20 i 

2 

1 

10 

15 

s 





42 

23:3it-23;.T.' j 1 

5 

20 

3-1 

IS 

12 

I 

1 



! 98 

2};00~2l:2'.i i 

-5 


27 

25 

6 

3 

1 



1 71 

2 1:30-2-5: 50 | 1 

4 

s 

/ 

7 

1 

2 




1 30 

1:(K)- l:2<.> j 

1 

1 

2 

8 

4 

1 


1 


! 18 

1:50 ; 

1 

I 

o 

3 






i 0 

2;Oi- '^'20 ' 

1 


1 

I 






1 1 3 

2;.3!)- 2:50 j 



* o 

•- 

1 






! 3 

3;(Xi- ;t:20 ■ 

i 1 


1 







i 3 

3:30- 3:50 ; 

\ 



1 






1 

N'o itifor. ' 1 

; 1 

} 

i 


20 

12 

7 

1 




\ 

1 91 

Totals, . 1 3 

' 30 

1 

■' '5 

128 

05 

3S 

s 

J 

3 

X 

0 

1 1 378 


o in a ps-v'visns^. pubhention iZ) to the elTeet that when the total work output of a 
ai>en ih-rfonnattce is itu-rcasefi above that of previous jX'rformarsces. it concerns 
maitiij- t!se work-pericv.l. The work out|ntt of llic feem-d work-period rc- 
mahiS snirly con^^ta.nt, Thi.s leads to the conchision iha? training inerc-ases tlie 



























646 


E. E. FOLTZ, F. T, JUNG AND L. E. CISLER 


ability to do work in the first work-period and does not greatly increase the ability 
to recover (table 1).* 

2. There is a slight but significant negative correlation between feeling-tone 
and the total work output (table 3); the better a subject said he felt, the less his 
total work 'output. There is no correlation of feehng-tone nith percentage of 
recovery (table 6). 

3. There is a somewhat stronger negative correlation between the amount 
of sleep and the total work output (table 4) ; the more sleep a subject has had on a 
given night, the less his total work output the next day. This agrees with the 
findings of Laslett (4). No relation of sleep to percentage of recovei-j" is seen 
(table 7). 

4. There is no evident relation of bed-time on a given night to the amount 
of work (table 5) or percentage of recovery (table 8) on the following daj'. 

SUMMARY 

Trained human subjects performed double work-periods on the bicycle ergom- 
eter, and the quotient obtained on dividing one hundred times the amount 
of work in the second period b}’’ the amount of work in the first period was called 
the percentage of recoveiy. 

At the beginning of each performance the subject provided e.stimate of liis 
feeling-tone at that time, and statement of his bed-time and waking-time in the 
preceding twenty-four hours. 

Comparisons of data have provided the following indications of relationship; 



Tnlal •xet'k output 

Perctntase of recovery 


TABtB 

r 

TABLE 

r 

First work output 

Percentage of recovery •. 

0 

-0.53 

1 

-0.62 

Feeling-tone 


-0.12 

0 

0.00 

Hours of sleep 


-0.25 

/ 

-fO.07 

Bed-time 
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EFFECT OF ^lANGAXESE lETAEE UPON CONCENTRATION 
OF BISULFITE-IRNOING SUTISl'ANCES IN BLOOD^ 


J. T. SKINNER AKD J. S. McllARGUE 
From ihc Department of Chemistry of the Kcnluchy Agricultural Experiment Station 

Roceivod for jmblicalion April 10, 19-14 

I’lie fact that inanguncsc ions activate numci-oiis enzyme aystems m vilro 
(1-15) indicates tliat this element functions in the animal body to a great extent 
through its clTcet upon enzyjnati(*, activity. .Supi)orting this idea is the demon- 
stration by Combs cl ah (IG) Vf)rking with chicks, of a relationship between the 
manganese content of the diet and i|)hosphatnse activity of bone. Waehlel H ah 
(17), working with rats, found that blood phosphatase but not bone phosphatase 
was related to manganese intake. According to Shils and AleCoHum (IS) and 
Boy(n' (( oh (19) manganese deficiency reduces arginase activity of the liver. In 
view of the jirunounced efTect of manganese ions u])on cocarboxylase activity in 
tilro (1-3) it a])pears probable that in extreme manganese deficiency an impair- 
ment of carbohydrate metabolism may result. Accordingh- a .study was made 
of the activation of cocarboxylase in vivo as measured by concentration of bisul- 
fif e-binding .‘Substances in (he blood of rats on low, medium and high intakes of 
manganese. 

Pnori'ni’iu:. -Animals with limited reserves of manganese were prepared by 
plaeingstock colony rats with their litters, when the latter were two weeks of age, 
in cages provided v.-ith wire false bottoms and feeding them a milk-iron-coiiper 
ration until the young weighed 40 to 50 grams, 'j’iie litters were then divided .so 
fi>’ ((J ju'ovide a litter-rnatc control of the .<ame sex and approximately the same 
weight for each animal receiving a mangane.=e sipiplement. 

'fhrci' basal r.ations low in mangane.se were used, liation I con.sisted of whole 
milk supplemented witli I.O mgm. of iron and 0.1 mgin. of copper per 100 cc. 
Epon analysis of a rumpositt? sainitlc of the milk representing several days’ 
tieliverles it was found to contain 0.053 mgm. of manganc.se per liter. Ration II 
differed from the first only in that glucose was added at tlie rate of 5 gi-ams per 
KKI cc. In view of the res{}onse ir. vilro i3. 20) of cocarboxylase to magne.sitim 
the third ration was pla.nned to furnish a subopt imal intake of this element. It, 
contauied 59 p.tt.m. of magnesium and h.ad tlic following percent age composition: 
crude casein 18, sucrose 75.7, salts’ 5, fortifie<l corn oik 1, and a mixttire' of B 


^ Ti c invest uratittn nusorsc d in tljis pajxrisia renrifotjon '.viihr. project of the Kentucky 
Apricuhimd i'\p''rirr.ent nrni i< published by permission of tlio Director. 

- for turibsio.'i of r.irume.rium nnd ■unnp'iJir-.'-e eonujo-vnuls tlsin .salt nuxiure 

'-‘nri.-uly tb.-a, of PiuiHps nr.d Hr.rt. .1. Biol. Chem. 102: fj,". 19X5. 

' Criro'.t't'.c O.i.vt irmm, vi.>-ierel i .cr.'ir.i. .'upua-tr^-opbe-ro! 0.4 cram, g-mf-riivl-J 4- 
•'r.pL'.hr.-qr.it'.ceft.- !'.) ir.yr.i., eorn <fil sfpgr.enM. 

Tbinnrnn- by tir^'^ddori-ie t'-) nv't:;. . pyrido-rin iiydro-eblnride 2f) m;:.’.':.. ribufuivin '/) jr.^rn 
r vi.-5n:u CT.n.'a, Td-’-tirinic r.cid 5 "ruiu--, p-r.minolv.'-nrr.n/- n?:;d .5 enun.'-- ino'ri' 

1‘3 ;CTv.5’.r- , cl.-'hne fi;!nr:<:e 10 cTatn/, • ■ ’ 
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vitamins 0.3. On the basis of solids the three rations contained 0.4, 0.3 and Lo 
p.p.m. of manganese, respectively. Addition of the respective manganese sup- 
plements to the three rations raised the levels of manganese approximate!}- to S, 
6 and 500 p.p.m. The paired feeding method Avas employed Avith rations I and 
III; the other ration AA'as fed ad lihiium. The animals AA'ere maintained on the 
experimental rations about 12 Aveeks. Taa'o days before the rats receh'ing ration 
I AA'ere killed they A\-ere fed ration II ad lihiium so a.s to increase carbohydrate 

TABLE 1 


Bisulfite-hinding substances* in blood of rats 


PAIR KO. 

COKTEOt 

Mn-rED 

Mn-rED/ 

CONTROL 

PAIR UO. 

CONTROL 

Mn-TED 

Mn-TED/ 

CONTROL 

Ration I (milk 

-iron-copper) 

Ration It (milk-iron-copper-glucose) 


tn^m. per 
100 cc. 

tngm. per 
100 cc. 

per cent 


tngm. per 
100 cc. 

mgtn. per 
100 cc. 

per cent 

1 

7.35 

7.39 

101 

15 

9.58 

9.30 

97 

2 

9.69 

8.12 

84 

16 

8.40 

9.74 

116 

3 

12.67 

8.51 

67 

17t 

6.32 

6.64 

105 

4 

7.18 

8.01 

112 

18t 

7.88 

7.12 

90 

5 

7.84 

5.75 

73 

19| 

5.36 

6.07 

113 

G 

6.93 

7.94 

115 

20t 

5.42 

4.85 

89 


6.38 

7.53 

118 










s 

9 

6.52 

6.80 

6.58 

7.35 

101 

108 

AAmrage 

7.16 

7.29 

102 





10 

6.68 

6.30 

94 

Ration III (Ioat magnesium) 


11 

8.88 

7.64 

86 










12 

5.78 

6.41 

111 

21 

8.63 

9.93 

115 

13 

6.91 

5.78 

84 

22 

8.25 

8.04 

97 

14 

5.88 

7.90 

134 

23 

24 

11.42 

8.61 

11.09 

10.44 

97 

121 





.‘VA'crage . 

7.54 

7.23 

96 

25 

7.14 

7.46 

104 





-Average 

8.81 

9.39 

107 





Grand average . 

7.70 

7.68 

100 


* Calculated as pj'ruA’ic acid. 

t Fed 5 cc. of ration per 100 gr.ains AAcight 2 hours before being killed. 

X Fed 0.5 gram glucose per 100 grams AA’eigbt by stomach tube 2 hours before being killed. 
Except AA’here indicated the animals AA'ere fasted 12 hours before being killed. 

intake. Animals on rations I and III AA'ere fasted for 12 hours before being 
killed. Treatments of animals reared on ration II AA'ere A'aried someAA'hat as 
indicated in footnotes to table 1. 

Blood samples AA'ere obtained by decapitation of the animals after being 
stunned by a bloAA' on the head. Bisulfitc-binding substances in the blood Avere 
determined by the method of Wilkins, Taylor and Wei.ss (21). 

Resuets. In table 1 it AA'ill be noted that considerable A'ariations in concen- 
tration of blsulfite-binding .substance.s AA'ere found among the bloods of a gnen 












JNTAKK AXI) BISUU’ITK-BIN'DIXG SUBSTAXCICS IX BLOOD 
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gruui). I'or C'xani])le, in 1 he control group on ration 1 1 ho extremely high valvie of 
12.07 nipm. ])(;r 300 cc. is more than twice the lowest value. The average con- 
centration for this group, 7.54 rngm. per 100 cc., approximates that of the 
second group of control animals, which received the glucose supplement througli- 
nut the entire giowth period. The avei-age for the control animals on ration III, 
8.81 nigin. per .100 cc., is somewhat higher than that of either of tlic other control 
gr()ups. When the concentrations of bisulfitc-binding substances in the blood 
of the manganese rats ar<‘ com])ared with tho.se of the icspcctive control animals, 
it will be .seen that there was no consistent difterence between manganese blood 
aiul control l>lood. On ration I the concentrations of l)i.sulfitc-binding sub- 
stant-es averaged 7.54 and 7.23 mgm. per 100 cc., respectively, in the blood of the 
control and manganese-supplemented animals. On ration 11 the controls aver- 
aged 7.10 whereas the manganese group averaged 7.29. The averages were 8.81 
and 9.39, respectively, for the animals receiving ration III alone and when 
snp])!cmcntcd with 500 ]Lp.n\. of manganese. The grand average for all control 
jinimals was 7.70 ;vs compared with 7.08 for their mate.s which wore fed manga- 
nese. In column 4 it will bo noted that the concentrations of bisulfitc-binding 
sub'^tancf's in blot)d of the manganese animals ranged from 07 to 134 per cent of 
tho<-e found in the control Idoods. Of the 25 paiis of rats upon which detennina- 
lions were' nuule Ihci'c were 14 in which the higher concent i-ations of blood bi.sul- 
(ite-bindtng .substances were found in tlie. inanganese-fed animals. 


.SU.X!MAnV 


Hi.sullit e-binding substances were determined In blood of rats gi'own on three 
Ims-mangnne.se rations with and witbotit mangane.se addition. 

The. i'onccntration of bisuliitc-])inding substances in blood of rats maintained 
on rations etjutaining 0.3 and 0.4 j).p.m,, respectively, of mangane.se wa.s not 
afTi'cted by a twenty-fold iucrc.'ise in the intake of this clement. 

Hat.s ooii.suminga ml ion low in magnesium a.s well as in manganese contained 
in their bloiKl a higher average concentration of bi.'^ulfit e-binding .sub.stanccs than 
fed a milk diet, 'rids condition was not altered by supplementing the 
tation with :i Inch intake of mangane,se, 500 p.p.m. 
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The characteristics of adrenal insufficiency are best demonstrated in ad- 
renalectomized animals Avhich have been maintained on adequate adrenal ex- 
tract until their vounds have been completely healed and they are in a good state 
of nutrition. Then changes that develop from insufficient treatment are due 
solely to the lack of hormones, the operation itself playing no part. 

Stresses accentuate adrenal insufficiencj'- so that it may be more easily studied. 
Animals prepared in the above manner are ideal for such observations, while 
cold is one of the stresses which readily distinguishes the adrenal insufficient 
animal from the normal one. This has been shown in rats to be due, at least 
partially, to the inability to produce the increased amount of heat required (1,2). 
Adequate treatment with extract enables them to produce this heat (3). It 
appears that the failure to increase their heat production is onl.v one of the factors 
in the greater sensitivity of adrenalectomized animals to cold. The present 
investigation was conducted in order to discover other factors involved. 

We have followed many of the changes which developed during the exposure 
to cold, as well as those that occurred during recoveiy. Cats have been used 
because they lend themselves to certain determinations better than do rats. 
Blood pressure and heart rate indicate the state of the circulatory system. The 
volume per cent of erythrocytes is a measure of the water shift to or from the 
blood. Blood sugar determinations give a partial insight into the carbohydrate 
metabolism. The plasma electroljdes have been determined since Barbour et al. 
(4) found a change in monkeys exposed to cold, 

Bj”- following the course of recoverj’- after exposure to the low temperature, 
we discovered that some individuals collapsed and died several hours after the 
body temperature had returned to normal. This was apparently due to a more 
rapid temperature rise. 

Methods. Healthy adult cats that had been kept in the laboratoiy for several 
weeks were used for these observations. The 3 '' were fed beef heart, caimed 
salmon and fresh milk. Adrenalectomj' was performed bj'- the lumbar pathwa}’- 
in two stages, from a week to several months apart. No adrenalectomized 
animals were employed for the final experiment until the wounds had completel}’- 
healed. Maintenance of appetite and bodj’- w'eight indicated that the treatment 
with adrenal extract was adecpiate before exposure to cold. The last injection 
was given, in most instances, 16 to 24 houis before the experiment started. 
From our previous experience w'e know' that this w'ould furnish insufficient pro- 
tection against a stress. 

1 Aided by a grant from the Comly Fund of Ohio State University. 
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Blood was taken from either the pinna or the femoral vein for sugar deter- 
minations, while it was taken from the latter vein for the other determinations. 
Blood pressure was determined by means of a mercury manometer connected 
to the femoral artery b.y a h 5 -podcrmic needle. Dissections and manipulations 
of these vessels -were carried out under local novocain anesthesia. 

The animal was cooled b 3 ' wetting the fur dl- b\’^ clipping the hair, and their 
placing in a room at -}-3°C. On completion of chilling the animal was dried 
and placed near an electric heater, care being taken to prevent overheating. 
It required 4 to 5 hours for the rectal temperature to return to normal, except 
in some of the later experiments when the rate was slower. 

Sugar was determined b.y Somogrd’s modification of the Shaffer-Hartmann 
method (5); sodium bj^ the method of Salit (6); and chloride bj’’ the adsorption 
indicator method of Saifer and Kornblum (7), 

TABLE 1 


Reaction of normal cals to cold 


CAT 

1 EX- 
POSITRE j 

RECTAL TEifP. 

BLOOD PRESSURE 

i 

ERYTHRO- 

eVTES 

PLASMA 

Xa 

PLASllA 

Cl 

AE (3.00 kgm.) 


X. j 

37.5 ; 

28.5 

36.0 

27.5 

37.0 

29.0 

37.5 

25.0 

1 

mm. fig. j 

126 

107 

115 

71 

119 

127 

133 

103 

volume 
per cent 

33.0 

32.3 

32.0 
i 29.1 
' 44.6 

45.3 

27.4 
27.2 

m.Eq.ll. 

154 

153 

151 

149 

151 

151 

m.Eq.ll. 

127 

121 

125 

128 

125 

122 

BR (1.51 kgm.) 

4.3 

BV (3.2 kgm.) 

3.0 ■ 

CW (1.8 kgm.) 

5,7 




Average 

4.4 j 

Fall of 9.5 

Fall of 21,3 

} 









Sex appeai'cd to make no difference in the rc.sulfs; therefore it is not reported, 
iMedium-sized animals were used, since it was impossible to lower the temperature 
in large animals without gi-eat difficult.y. 

Results. Bod?/ temperature. There was a greater fall in bod^' temperature 
in the adrenalectomized than in normal animals, even with considerabb' less 
exposure to cold. Thus, the average rectal temperature of four normal animals 
with an average e.xposure of 4,4 hours was 27.5'^C., an average fall of 9.5°, while 
the average rectal temperature of eight adrenalectomized cats exposed for an 
average of 2.1 hours was 25.25°C., an average fall of 11.4° (tables 1 and 2). 

Blood pressure and pulse rate. The arterial pre.ssure fell lower in the ad- 
renalcctoraized cats than in the normal ones. The average change for the normal 
cats was from 12-3 to 102 mm. of mercurv, an average fall of 21.3 mm.; while 
that, for the adrenalectomized cats wa.s from 128 to 78 mm. of mcrcuiy, an 
average fall of 49,4 mm. Tliere was considerable reduction in the pulse rate 
in adrenalectomized cats e.xccpt in one animal (CL) in which there was a rise. 
The change for si:< cats was from an average of 194.8 to an average of 77.8 
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TABLE 2 


Ilcaclion of adrcnalcctoinizcd animals to cold 


1 

j 

CAT 

EX- 

rOSlLRE 

i 

KECTAI- TF.MP. 

pxn.SE 

patf. 

PFP 

MINUTE 

■ 

BLOOD 

PRESSURE 

KRY- 

THRO- 

CVTl'.S 

BLOOD GLUCOSE 

remarks 


hours 

°c. 


>sm. Iff, 

tol. 

per cent 

rngm. per cent 


CA”^ (2.24 









Icgm.) 

1.50 

,35.01 

165 

113 

32.5 

Before 

79 



29. 0§ 

9G 

53 

.33.0 

1.5 hr. after 

47 

Recovered 

CL (2.70 









kgm.) 

1.75 

3S.0 


150 

36.2 

Before 

101 



30.0 


94 

32.7 

2 hr. after 

50 

Recovered 

CR* (2.00 









kgm.) 


37.0 


120 

27.5 

Before 

89 


o.s 

28.0 


108 

26.2 


177 



2.50 

21.0 


78 

26.5 

.lust after 

117 








2 hr. after 

60 

Recovered 

BZ* (2.6 









hgm.) 

2.75 

3G.0 


134 

33.0 

Before 

77 




24.0 

9G 

So 

41.7 

19 hr. after 

62 

Recovered 

BY* (2.9 









kcm,) 

2.00 

35.0 


139 

32.0 

Before 

70 



27.0 


82 

32.4 

Just after 

70 

Died in less 









than 24 
hrs. 

CF (2.0 









kgm.) 

l.GG 

38.0 

216 

113 

36.8 

Before 

81 




26.5 

60 

76 

36.1 

Just after 

57 

Died in 









about 24 









hrs. 

CX*t (2.0 









kgm.) 

1.50 

37.0 

200 

123 

2S.2 

Before 

85 




25.0 

98 

.89 

24.6 

6 hrs. after 

96 








10 hrs. after 

64 

Died in 12 









hrs. 

CE* (3.1 


38.0 

208 

121 

43.0 

Before 



kgm.) 

3.10 

20.5 

57 

67 

38.1 

Just after 

58 

Died in 22 









hr. (see 
text) 

Average.. . 

2.10 

Fall of 11.4 

■ 

Fall of 49.4 





* No extract administered for IG hours before exposure, 
t Little food eaten last few days, 
t Before. 

§ Immediately after. 
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beats per minute. This Avas determined in only one normal animal (CW), 
Avhere it fell from 264 to 150 per minute. The development of these changes 
was folloAved, at hourly interval’s, in one adrenalectomized cat. In this the blood 
pressure fell early. The values in the order: before, after 2 hours, after 3 hours 
and after 4 hours’ exposure, were as follows: — rectal temperature, 38.0, 33.0, 
30.0 and 26.0°C.; blood pressure, 146, 93, 74 and 70 mm. Hg; pulse rate, 210, 
204, 162, and 102 beats per min.; eiythrocytes, 31.0, 28.2, 32.7 and 30.5 vol. 
per cent; blood sugar, 107, 122, and 78 mgni. per 100 cc. (4th hr. undeteimined). 

Extract injected a short time before exposure to cold appeared to delay the 
fall in blood pressure. In one cat (BW, table 3) extract was injected one hour 


TABLE 3 

Beaclion of adrcnaleclomizcd cals to cold 


CAT 

ZXPOStJRE 

RECTAt 

TEMP. 

PUISE RATE 
PER MI-V. 

BLOOD 

PRESSURE 

BLOOD SUGAR 


hours 

“C. 


mm. Ug. 

mgm. i>CT cent 

AU (2.3 kgm.) 

2.7 

37.2 

228 

133 

94.2 



25.5 

88 

78 


7 daj’s later 

4.0 

.38.0 

146 

210 

107 (struggled) 



26.0 

70 

102 

78 

BW (1.7 kgm.) 

3.0 

35.5 i 

192 

134 

70.5 



2S.0 

128 

90 

52 

13 days later 

1.6 

36.4 

200 

100 

84 



29.0 

120 

i ™ 


CB (2.45 kgm.) 

1.75 

37.0 

208 

113 

143 (excited) 



29.0 

132 

78 

91 

3 days later 

3.0 

37.0 

200 

113 

103 



27.0 

192 

70 

77 


before exi)osure to cold, during the 6rst experiment. Compared with a subse- 
quent test when the last extract was injected 16 hours before exposure, the blood 
pressure was higher, fell less, and longer exposure to cold was required to produce 
nearl}' the same fall in temperature. 

Water shift. Water shift between the blood and tissues, as shown by samples 
taken before and after exposure to cold, appeared to vaiy in different individuals. 
The changes in the volume per cent of erythrocytes in the adrenalectomized 
animals indicated that there was significant dilution of the blood in three (CL, 
CX and CE), concentration in one (BZ) in which the sample Avas taken 19 hours 
after removal from the cold, and little change in the other four. Wc made no 
determinations at a later time. 

Plasma ckctrolyics. The sodium and chloride concentrations in the adrena- 
lectomized animals before and after expo.sure to cold Avere as follows: Cat CA 
sodium, M3.0 and 143.4 m.Eq./l; chloride, 118 and 117 m.Eq./l. Cat BA 
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sodium, 145.6 and 147.4 m.Eq/1.; chloride, 123 and 123 m.Eq./l. Cat CF — 
sodium, 147.4 and 144.7 m.Eq./l.; cliloride, 121 and 121 m.Eq./l. 

It Yull be noted that the plasma electroljd^es were lon'er than normal, indicating 
an inadequate dosage of sodium factor. However, it Avill also be seen that no 
change was shonm at the end of the cooling period . Likendse, our normal animals 
showed no significant changes in plasma electroljdes (table 1) despite a longer 
cooling period. 

Blood sugar. If one follows the blood sugar in adrenalectomized cats, during 
and after exposure to cold, the changes resemble those occurring in normal 
animals. In cat CR there was an increase to 177 mgm, after 50 minutes’ ex- 
posure, then a drop to 117 after 2.5 hours’ exposure, with a further fall occurring 
2 hours later; while in cat CN there was an increase from 85 to 96 mgm. 6 hours 
after the exposure, vdth a fall 4 hours later (table 2). However, the rises in 
normal animals were usuall.y greater. In tln-ee normal cats exposed to cold 
in a similar manner, the lises were as follows: cat A, rectal temperature 34.5°; 
174 mgm. from 83 mgm. per 100 cc.; cat B, rectal temperature 30.0°C.; 190 mgm. 
from 79 mgm. per 100 cc.; cat C, rectal temperature 32.5°C.; 103 mgm. from 92 
mgm. per 100 cc. Blood sugar determinations in adrenalectomized cats after 
exposure to cold sometimes showed considerable reduction (table 2). Yet there 
was no greater fall in animals which died than in those that recovered; at least, 
at the time the deteiminations -were made. 

In four normal cats the blood sugar was followed after the exposure. The 
animals had been fasted for the same period as were the adrenalectomized 
animals, viz., 24 hours. They were cooled to a rectal temperature of 25°C. 
by 5 to 10 hours’ exposure to 3°C. The blood glucose fell to 25, 28 and 37 mgm. 
per 100 cc. in tliree, but rose to 168 mgm. in the fourth. (Tnien this animal 
was again exposed to cold three weeks later, a fall in body temperature to 24°C. 
was accompanied by a rise in blood sugar to 265 mgm. per cent.) In this animal 
it fell to 45 mgm. 4 hours after removal from the cold. These low values are 
lower than those found in the adrenalectomized cats. ^ 

Cerebral activity. The cerebral activity of adrenalectomized cats, whose 
temperature had been markedly reduced, returned to normal slowty and then 
sometimes failed. Cat CE was tjqiical. Four hours after removal from the 
cold the rectal temperature ivas 29.6°C. and there were no placing reflexes. 
At 7 hours the rectal temperature was 35.5°C. and the higher reflexes had re- 
turned: he purred, dranlc water, and appeared fahly aggressive, but staggered 
when walking. At 19 hours, although lying donm, he appeared normal. He 
was dead at 22 hours. 

Another adrenalectomized cat, no. 18, was exposed to cold for 2 hours, until 
the rectal temperature had been reduced to 28.5°C. from 39.0°C. The higher 
reflexes were poor after two trials following 7 hours in artificial heat, when the 
rectal tymperature had risen to 36.0°C. The knee jerk was absent. After 12 
hours he could almost stand, and the blood sugar was 71 mgm. per 100 cc. After 
24 hours he was quite active and.strong but refused food. Despite one injection 
of adrenal extract he 'died 36 hours after removal from the cold. 

Effect of repeated exposure. Three adrenalectomized cats which survh^ed 
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exposure to cold on the first test failed to do so after the second test. The first, 
cat AU, after 2.7 hours’ exposure to cold, showed typical changes (table 3). Re- 
covery was uneventful. Seven daj^s later she was exposed to cold for two hours, 
taken out for deteiminations, then replaced in the cold for an hour, taken out a 
second time for deteraiinations, and replaced for a final hour. The changes are 
shovTi in table 3. The animal died two hours after removal from cold while 
exposed to artificial heat. The pulse ros6 to 180 per minute and the rectal 
temperature to 33°C. before death. Arterial blood at death contained 42 ragm. 
per cent of sugar. Disappearance of cerebral reflexes was the first sign of im- 
pending death. The animal had eaten less food than usual since the last test, 
indicating that it had not completely recovered. However, a longer exposure 
was required to produce a fall in temperature slight less than before. 

The second cat (BW) made uneventful recoveiy from the first exposure to cold 
but 13 days later a shorter exposure caused death. The last extract had been 
injected 16 hours before exposure while in the previous test an injection had been 
made an hour before exposure. 

Four hours after being removed from the cold room the rectal temperature had 
reached 37°C. She slept continuously. From the 14th to the 20th hour the 
placing and hopping reflexes were absent. At the 22nd hour placing reflexes 
could lie elicited once, following which the animal remained unresponsive. At 
the 24th hour the rectal temperature was 36.2°C. and the pulse rate was 160 
per minute. Reflexes were present but the cat staggered when attempting to 
walk. At 28 hours the rectal temperature was 35,6°C. and the heart rate 160 
per minute; the cat was prostrate and cried out upon being moved, as adrenalec- 
tomized cats frequently do before they die. The following reflexes were absent: 
hopping, placing, righting, wink response to threat. The pupil was dilated, 
barely reacting to light. The pinna reflex and attitudinal refle.xes were present. 
The corneal reflex was sliglitly exaggerated. Knee jerk, progi'ession reflexes, 
flexor and extensor tone were exaggerated. Pinching the tail resulted in mark- 
edlj' delayed rigiditj- and opisthotonos. At 28 hours the lower reflexes became 
more active, respiration stopped, followed by a tonic concision, but the heart 
continued long enough for the withdrawal of 5 cc. of blood bj’’ heart puncture. 
The blood sugar was quite low, 26 mgm. per cent. The plasma sodium (145 m. 
Eq./I.) and chloride (121 m. Eq./l.) showed no change. 

From this experiment, as well as others, it is evident that the higher nerve 
centers fail first. 

A third cat (CB) also made uneventful recovery from the first exposure 
(table 3). Three days later exposure to cold was followed by apparent recovery 
and then death. Xine hours after removal from the cold the cat seemed in good 
condition and responded nomnally so that avc prophesied his recoveiy. X^ever- 
thele.ss we continued to watch him because other animals had appeared just as 
well but were found dead in the morning. At 1 3 hours the cat had a brief^con\Til- 
sion. He drank a little water when his lips were touched with it. At 13.5 hours 
he cried out; there was no response to threat, there were no placing reflexes; 
visual response was gone. He was prostrate, being seized b}' con’vulsivc jerks. 
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At 14 hours, the rectal temperature M’as 36°C., the blood pressure was 70 mm., 
and the blood sugar (femoral vein) 72 mgm. per cent. Ten cubic centimeters of 
5 per cent glucose (anhydrous) was injected slowly into the femoral vein. Five 
minutes later the cat responded to a threat, and placing reflexes were present but 
sluggish. In 20 minutes he climbed 15 inches onto a cage where a heater was 
located. He showed good judgment and co-ordination. Fiftj’- minutes after the 
sugar injection the blood sugar was 89 mgm. Sixty minutes after injection 
the blood pressure > was still 70 mm. but the tlireat response was poor and 
reflexes had become very sluggish. Pupillarj’^ reaction to light Avas also poor. He 
began to appear restless, shifting position shghtlj’-, then lying dovm — ^the tj^ical 
reaction of an impending crisis in adrenal insufficiency. 

Sixteen hours after removal from the cold 18 cc. of 5 per cent glucose Avas in- 
jected mtraA’^enousl}'. In 3 minutes the cat again jumped upon the cage to be 


TABLE 4 

Blood sugar of adrenalectomized cats exposed to cold 


TIHE 

JU 

i 

KK 

KI. 

KZ 

Rectal 

T. 

Blood 

sugar 

Rectal 

T. 

Blood 

sugar 

Rectal 

T. 

Blood 

sugar 

Rectal 

T. 

Blood 

sugar 


‘C. 

% 

°C. 

>ngni. % 

"C. 

mgm. % 

°C. 

mgm. % 

Before 

37.8 

64 

38.2 

67 

37.6 

65 

38.2 

58 

Lowest temperature 

23.5 

30 

25.0 

29 

24.0 

30* 

24.7 

31 

7.5 hrs. after 

32.3 

26 

30.0 

26 

34.4 

i 

46 

31.3 

30 

S days later 





j 




Before 

38.3 

63 

38.2 

05 



38.2 

70 

Lowest temperature * 

27.2 

j 22t 

24.3 

lit 



22.3 

28 


* Taken 2 lirs. after remov.al from cold, 
t Taken 1 hr. after lowest temperature, 
t Taken 1.5 hr. after lowest temperature. 


near the heater. Reflexes Avere then A’ery prompt. Seventeen mmutes after the 
last injection, reflexes Avere still veiy good. The cat licked himself and appeared 
sleepy. He soon appeared uncomfortable, changing position. The blood sugar 
was 166 mgm. At 17 houi-s the cat aars unsteady on his hind legs. At 19 hours 
he responded to threat, the placing reflex aars extremely sluggish and the righting 
reflex Avas effective. He could stand in a A\-obbly fashion but cried on'^being 
handled. At 19.7 hours he died. The blood sugar obtained from the vena crar 
before the heart stopped aars 77 mgm. per cent. 

We Avatched many of our animals for 24 hours after remoARl from the cold in 
an attempt to discover them in a ciisis so that injections might be tried, but, in all 
others observed, the crisis aars so brief or the premonition so inadequate that 
death occurred before arndhing could be done. 

"When death occurred, it aars usualW manj' hours after remclARl from the cold 
several hoiu-s after the body temperature had returned to normal. This aar.s 
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alwaj'S at least twenty-four hours after injection of the last dose of adrenal ex- 
tract. We suspected that the rate of rise of bod}" temperature after chilling was 
a factor in the failure to recover. Therefore we varied the procedure in 4 adrcnal- 
ectomized cats by raising their temperature more slowly after exposure to cold. 

Effect of slower rise of body icmperaiure. Instead of raising the rectal tempera- 
ture to normal in 4 to 5 houm, this period was prolonged to 8 to 10 hours. These 
animals were deprived of extract for 24 hours before expo.sure to cold. In all 
other respects the procedure was the same. 

The rectal temperature fell to 25°C. or less and the blood sugar to 31 mgm. per 
100 ec. or less (table 4). The blood sugar remained low for 7.5 hours after the 
animals were removed from the cold. No determinations were made later than 
this. In spite of a longer period ndthout extract all animals made an uneventful 
recover}". Three of these cats were tested in the same manner 8 days later ■ndth 
similar results, except that the blood sugar fell to stiU lower levels (table 4). 

Discussion. There are two aspects of our e.xperiments, i.e., the primary effect 
of the exposure to cold, and the recoveiy folloumg. The foimer is undoubtedly 
a factor in the latter, since it depletes the bod3’-’s store of hoimone more rapidh". 

The gi-eater ease with which the body temperature was lowered after adrena- 
lectomy in cats is probably due to inability to produce the extra heat required, as 
in rats (1, 2, 3). One first thinks of the available carbohydrate. The changes 
in blood sugar indicated no significant difference in this between the treated 
adrenalectomized animals and noimal, either at the end of the exposure to cold or 
during the crisis of the recoveiy period. Blood sugar fell to low levels in both 
groups. !vIoreover, there was no indication that the fall in blood sugar was 
greater in the adrenalectomized animals that died than in those that survived. 
It is interesting to note that, on two different occasions, in one noimal animal 
(LJ) it was possible to lower the body temperature ;to 25.2 and 24.0°C. respec- 
tively with blood sugar values of 168 and 265 mgm. per cent. One adrenalecto- 
mized cat (CR) showed a high blood sugar (177 mgm. per cent) when the rectal 
temperature had fallen to 28°C. and the blood sugar was still high (117 mgm. per 
cent) when the rectal temperature had fallen to 21°C. 

Cat BW which had convulsions at death, unlike most animals, had a blood 
sugar value of commlsion level since the rectal temperatui'e was near the normal 
range. Other low blood sugars were present, usually accompanying low body 
temperature which would preclude convulsions (8). 

Often, adrenalectomized cats that survived one cooling failed to survive the 
second test. One of these (CB) had a blood sugar of 77 mgm. per cent at death 
(due in part to injected sugar). Therefore, depletion of carbohydrate did not 
appear to be respon.sible for the outcome. 

The brain is peculiarly susceptible to hypoglycemia since it stores little carbo- 
hydrate (9) and seems to depend solely on carbohydrate for its energj" (10). 
Himwich and Fazekas (11) deteimined the glucose and oxygen utilization of the 
brain during hypoglycemia. As long as the artenal blood sugar was 4G to 25 
mgm, per cent the glucose and oxygen utilization were little reduced. But when 
the arterial blood .sugar fell to values between 22 and 7 mgm, per cent 
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the glucose absorption decreased to 3 nigra, per cent (from 13.1 ragra.) and that of 
oxi'gen to 3.8 vol. per cent (from 9.3 vol.). The intravenous injection ‘of glucose 
during hypoglycemia restored the oxj’gen consumption to 9.14 vol. per cent. 

Loiv arterial sugar alone would not account for a decreased glucose and oxygen 
utilization by the brain in our animals because in onlj" one instance (cat BW) did 
the venous blood sugar value go as low as 26 mgm. per 100 cc. while the body 
temperature was nearly normal. 

The greater fall in blood pressure in adrenalectomized cats as compared to 
normal animals following exposure to cold indicated a poorer circulatory ad- 
justment. 

There was no reason to believe that the blood volume in our adrenalectomized 
cats was subnormal. It has been shorni in adrenalectomized dogs that the 
blood volume remains vdthin normal limits when the animal is adequatelj" main- 
tained on adrenal extract, whether the amount of sodium factor is adequate or 
not (12). 

The temporary recover}’- of cat CB following the intravenous injection of 
glucose was so prompt that a circulatory effect is suggested. Edema of the lungs 
(13) and heart (14) has been described m animals dying of hypothennia. 
TiTiether or not edema of the brain occurred would be difficult to deteimme. The 
concentration of glucose injected was veiy little above isotonic. Therefore, 
shift of fluid from the tissues to the blood stream would be very small. 

Reduction of the cerebral circulation in the adrenalectomized animals follow- 
ing exposure to cold may have been significant since the arterial pressure fre- 
quently fell as low as 70 mm. of mercury. The more rapid rate of “warming” 
would peimit less time for recoveiy and, at the same time, the increased metab- 
olism attending the temperature rise would require more prompt recovery. 

The effect of glucose injection in our experiment is best explained as due to the 
increased volume of circulatory fluid (estimated 8 per cent at the first injection 
and 14 per cent at the second injection) so that the blood flow to the brain was 
increased temporarily . The complete recoveiy of cerebral activity within twenty 
minutes after the first injection and within three minutes after the second, larger 
dose, together with the relatively transient effect, are thus explained. A slov’er 
rise of body temperature following chilling ivas never followed death in the 
adrenalectomized animals, even if the chilling was repeated. 

It has been shown (15) that adrenalectomized animals are less resistant to heat 
than are normal animals. Up to the present time these results have not been 
fully explained. Although the bod}^ temperature of our cats was never raised 
above normal the increase in temperature from 25°C. to 37°C. in four or five 
hours may have been similar in its effect to an increase of temperature caused by 
an environment of 39 to 40°C. for a shorter period. Although the above expla- 
nation of our results seems plausible one must bear iu mind the evidence for 
primary involvement of the nervous system. Thus EUiott (16) and later Hoskins 
(17) observed a decrease in irritability of the sympathetic nervous system. 
Hartman and Lockwood (18) found that adrenalectomy decreased the resistance 
of reflexes to fatigue. 
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In Addison’s disease mental fatigue may precede other symptoms. The pa- 
tient may become unable to concentrate and protracted application becomes im- 
possible. The Biot t3T3e of respiration, which sometimes occurs, indicates cere- 
bral invohmment. Vision may become blurred, hearing dulled, and the whole 
sensorium may lose its acuteness. Abnormalities in the electroencephalogram 
have been found (19), 

In our experiments, when the animal began to fail after regaining normal tem- 
perature, the activit}’’ of the higher centers disappeared first until, in some 
instances, the whole cerebrum was involved as indicated by the decerebrate-like 
rigidity. Finall}’’, respiration failed. Such a .sjmdrome is characteristic preced- 
ing death from adrenal insufficiency. 

The problem which remains unsettled is that of the primary cause of circiilatoiy 
failure. It has been demonstrated, in advanced adrenal insufficiency, that the 
heart action is inadequate (20) and that vasomotor response is poor. The latter 
has been shown by the less adequate reaction to hemorrhage (21) and the vascular 
dilatation in the alimentarv canal (22). However, none of these obsenmtions 
seem to disclose the primary defect. It is still possible that this might involve 
the central nerimus system despite the fact that the central nervous changes in 
our experiments raa}" be explained b}^ failure of the cerebral circulation. 

STOCVLiRY 

Adrenalectomized cats maintained on adrenal extract adequate for ordinary' 
laboratory life were chilled until the rectal temperature was about 25°C, Arti- 
ficial heat was supplied so that the noimal rectal temperature was regained in 
either 5 or 10 hours. A much shorter period of chilling was required to produce 
the same fall in rectal temperature in the adrenalectomized than in normal cats. 

The arterial pre.ssure fell to a lower level in the adrenalectomized animals than 
in normal animals. The changes in volume per cent of erythrocjdes were so 
varied that no consistent shift in plasma was indicated. There were no signifi- 
cant changes in the plasma sodium or chloride. 

The increases in blood sugar upon chilling were usuall}" less in the adrenalec- 
tomized cats than in normals. Sometimes there was considerable reduction in 
the blood sugar with or without a px*eliminary rise. However, there was no 
gi'oater fall in the animals which died than in those which survived. Normal 
cats sometimes showed lower blood sugar values than did adrenalectomized cats. 

After chilling, the cerebral activity of adrenalectomized cats returned to normal 
slowly and then sometimes failed. Evidence is offered that this failure was due 
to a decrease in cerebral circulation. 

Adrenalectomized cats which sundved one chilling might fail to reco^'cr from a 
second exposure. 

We wish to thank R. R. Durant, A. H. Hegnaucr, E. J. Robin.son and D. E. 
Smith for technical a,ssi.stance. 

We are indebted to Dr. G. F, Cartland of the Upjohn Company for the adrenal 
extract used. 
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It is now generally agreed that acetone bodies have their origin in the liver 
and that they are in turn utilized bj' various other tissues The evidence which 
supports this hypothesis has been summarized in several recent re^dews (Stadie, 
1940 ; Soskin and Levine, 1941 ; ^lacKay, 1943) . Although in vitro methods have 
been extensively employed in studies of acetone body metabolism, the tissues 
under obseivation have usuall}' been subjected to a highly distorted environment. 
The incubating medium employed has consisted of a simple buffered solution to 
vdiich, in most instances, a single substrate has been added. Even though such 
preparations provide a useful tool for the elucidation of specific metabolic path- 
ways, little is learned about certain over-all aspects of tissue function during life. 

The plan of the present series of experiments was as follows: 1, to determine 
which of the major body tissues produce acetone bodies and which tissues utilize 
them under conditions of incubation close!}* approaching a normal environ- 
ment; 2, to study, in a similar manner, the metabolism of glucose b}* these same 
tissues; 3, to test the effect of anterior pituitarj’’ extract on the metabolism of 
acetone bodies and glucose in vitro. The work of Collip et al. (1935) and partic- 
ularly that of Alirsky (1936) has suggested that the pituitary ketogem’c principle 
enhances ketosis by stimulation of hepatic ketogenesis. Little is known con- 
cerning the action of this principle on ketone utilization by peripheral tissues. 

Methods. The animals were male rats of Sprague-Dawley strain, weighing 
250 grams or more. Both fed and fasted animals were used. The former re- 
ceived Purina dog chow, 'while the latter were deprived of food for 48 hours before 
the experiment. 

The incubating medium was serum obtained from the rat before removal of 
the ti.ssues which were intended for incubation. Rats were anesthetized with 
nembutal and exsanguinated from the abdominal aorta by direct incision of the 
vessel. One cubic centimeter of the separated semm was placed into a small 
flat-bottomed vessel which was designed to fit a standard Warburg manometer. 
The stoppered vessel was weighed before and after introduction of the tissue 
slice in order to determine the wet weight of the specimen. The organs were 
immediately removed from the exsanguinated rat and placed in the ico box until 
they wore sliced 15 to 20 minutes later. Slices wore cut free hand to a thickness 
of approximately 0.3 mm. Semm was used as a lubricant. The excess adhering 
to the .slice was removed by touching to filter paper. The tissues were not 
floated in saline before introduction into the vessel. Diaphragm and omentum 
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were trimmed to suitable size and used intact. The ^Yeight of samples varied 
from approximately 10 mgm. in the case of kidney to slightly over 100 mgm. 
in the case of omentum. The latter tissue consisted almost wholly of fat. The 
weight of control specimens and those treated with extract was kept as nearly 
the same as possible. Unless otherwise noted, the gas mixture overlying the 
seram was 95 per cent ox3^gen, 5 per cent COo. The time of incubation was 2 
hours and the temperature 37.5°C. 

The pituitary extract and the control extracts made from kidney and muscle 
contained the equivalent of 0.2 gram of gland in 1 cc. of solution. Finely ground 
tissue was extracted overnight with N/5 NaOH at 5°C., neutralized with HCl 
to pH 7.5, and preserved in the frozen state. One-tenth cubic centimeter of 

TABLE 1 


Production or utilization of acetone bodies and glucose per 100 mgm. of wet tissue 


TISSUE 

TOTAL ACETONE BODIES (OAMVA 
PER 100 MOM. tissue)— 2 EOUSS 

GLUCOSE (mgm. per 100 MGM. 
tissue)— 2 HOURS 

No. of 
rats 

1 

j Produced 

Used 

No. of 
rats 

Produced 

Used ■ 

Liver (fed) 

15 

' 80 ±5 


5 

1.3 ±.09 


(fasting) 

19 

112 ±6 


10 

0.8 ±.07 

i 


Kidney cortex (fasting) 

7 


184 ±42 

8 

1.0 ±.24 


Brain cortex (fasting) 

5 

i 


41 ±10 

5 


0.9 ±.10 

Diaphragm (fasting) 

1 

6 1 


40 ±11 

7 


0.2 ±.05 

Spleen (fasting) 

5 


34 ±10 

5 


0.3 ±.02 

Omentum (fasting) 

5 i 


6 ±2 

1 

1 S 

! 

i 

0.1 ±.03 


Acetone bodies are expressed as acetone. The values above with their standard error 
represent the mean changes which occurred during the 2 hour incubation period. 


extract was added to one flask just before incubation while another flask seiwed 
as an untreated control. 

Plain senim incubated in the absence of tissue showed no significant change in 
acetone body or glucose content both in the presence and absence of added 
pituitary extract. 

Acetone bodies were determined by a micro method previousl}’- described 
(Shiple}^ and Long, 1938). Glucose determinations were made bj’- the method 
of Folin and jMalmros (1929) . The protein precipitant in each case was tungstic 
acid. Analyses were made on serum alone. 

Results. Total acetone body prodnciion and consumption. In every instance 
without exception, liver tissue produced acetone bodies. The output was sig- 
nificantly higher from the livers of fasted rats (112 gamma per 100 mgm.) than 
from those of fed rats (80 gamma per 100 mgm.), although the difference was 
not as striking as might be expected (table 1). Kidney, brain, diaphragm, 
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spleen and omentum invariably consumed acetone bodies. These latter tissues 
and the serum in which thej’' were incubated were taken exclusively from fasted 
animals in order to insure a sufficiently liigh initial acetone body content of the 
serum. The highest rate of utilization was by kidney and the lowest by omen- 
tum. The rate of utilization tended to be lower in those preparations where the 
initial serum acetone body concentration was low. It is of particular interest 
to note that brain consumed acetone bodies at a rate equal to that of muscle. 
This rate did not differ gi'eatly from rates of consumption previously reported for 
various muscle preparations and for intact animals (Stadie, 1940), 

Fractional determination of acetone bodies. In several experiments, the produc- 
tion by Iwer of beta-hj^droxybutyric acid and acetoacetic acid (plus acetone) 
were determined separately. The ratio of acetoacetic acid to beta-hydroxy- 
butyric acid in the fresh unincubated serum from fasting rats averaged 0.6 and 


TABLE 2 

Fraclional dcterminalion of acetone bodies 



; STATUS or ' 

KATS 

! 

Ko. or 

RATS 

CAS MIXTURE 

ratio: 

Ac/B-oxy after 

IXCUBATIOK 

chakce: 

ACETOACETIC 

AOU 

chance: 
B-nYDROX^’- 
BUTYRIC Aau 

Liver slices 

1 

Fa.sted 

1 

; 6 

95% Oi 

2.S±0.3 

gamma per 100 
mgm. 

-fl93 i 

gamma per 100 
mgm. 

-29 


i , 

' 5 

15% 0: 

0.7 ±0.1 

+52 j 

1 +27 


1 

; 3 

Anaerobic 

0.1 ±0.1 

-48 

! +21 

i 

i Fed 

i 

! 6 

95% Os 

2.1 ±0.2 

+79 

+21 

Diaphragm i 

' 1 

' Fasted 

4 

95% Os 

0.2 

-32 

-21 

i 

i 

1 

3 

15% Os 

0.2 

-13 

-7 


The eiiect of alteration in oxygen tension on the ratio of the two fractions and on total 
output is shown. The ratio of acetoacetic acid to Beta-hydroxybutyric acid averaged 
0.6 iO.OS in the entire series of fasted rats before incubation of the serum. 


varied very little from animal to animal (table 2), After incubation, there was 
a striking rise in the ratio to an average of 2,8, The change could be traced to 
a marked rise in acetoacetic acid and a slight decrease in beta-hydrox 3 ^but 3 'ric 
acid. There had occurred a marked distortion in the relative output of the two 
fractions. When liver slices from fed rats were used, the final ratio was similar. 
In this instance, both compounds were produced bj'" the tissue, but acetoacetic 
acid at a much faster rate than beta-hydrox 5 'but 3 'ric acid. 

When the ox 3 ’gcn content of the gas mixture was reduced to 15 per cent, tlie 
ratio remained approximateb'^ noimal during incubation. With the atmo-sphere 
compo.?ed of 95 per cent nitrogen and 5 per cent CO 2 , the ratio became abnomialh' 
low due to conversion of acetoacetic acid to beta-hydroxybut 3 Tic acid. There 
was no overall incease in acetone bodies under anaerobic conditions. 

Separate determinations of the two acetone body fractions in the case of 
diaphragm revealed that both fractions were utilized. Although separate 
determinations were not made, it was’evident that kidne 3 ' tksue behaved simi- 
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larlj’-, inasmuch as the total acetone body content of the medium fell to zero 
in several instances during the period of incubation. 

The effect of anterior 'pituitary extract on acetone body turnover. The addition 
of anterior pituitary extract to the incubating medium was followed by a distinct 
increase in the rate of production of acetone bodies by liver shces (table 3). 
Control kidneyand muscle extracts were without effect. The stimulating action 
of pituitary extract was most notable in the case of the fed rats, where the increase 
averaged 46 per cent. The mean increase in the fasted group was 27 per cent, 
but the statistical reliability of this figure was poor. The poor rehability may 
be partly due to a greater error in the estimation of acetone body production 
wliich would arise from the detei-mination of a small difference between two large 

TABLE 3 


The effect of anterior pituitary extract on acetone body and glucose production and 

consumption 



ACETOKE BODIES 

GLUCOSE 

No. in 
group 

Pituitar>’ 

extract 

No. in 
group 

Boiled 

pituitary 

extract 

■ 

Control 
kidney and 
muscle 
extracts 

No, in 
group 

Pituitary 

extract 






B 



% 

Liver production 









(fed) 

8 

+46% ±8 

6 

+21 ±5 

n 

-3% ±4 

5 

+11 

(fasted) 

12 

+27% ±9 



mm 

+9% ±8 

7 

-16 

Diaphragm consump- 









tion (fasted) 

6 

0% 





6 

+5 

Kidney consumption 









(fasted) 

5 

-8% 

j 






Kidney production 









(fasted) 







5 

-11 


The plus values represent per cent increase of either production or consumption, which- 
ever is being measure^, and the minus values indicate decreases in the same. Values of 
“P” determined from Fishers “t” table are as follows: Acetone body production, liver, 
fed rats, pituitarj' extract compared to control extracts: P < 0.01. The same, “fasted 
rats”: P = 0.15. Pituitary e.xtract before and after boiling: P = 0.02. 

numbers. Thus, in the case of the fed animals, the original semm content 
averaged 1 mgm. per cent and rose to 5 mgm. per cent during incubation, while 
the serum of fasted animals averaged 6 mgm. per cent before incubation and 
14 mgm. per cent afterward. ‘Furthermore, the relatively poor increase in 
acetone body production induced b}^ the extract in the series of fasted rats may 
possibly have been due to the existing high rate of ketogenesis which was already 
nearing its limit. 

Pituitary extract, which had been heated to boiling for 15 minutes at pH 7.0 
was tested for activity. It would be expected that 95 per cent of the ketogenic 
activity should be destroyed bj" heating in this manner (Shiplev, 1942). The 
heated extract produced a 21 per cent increase in ketogenesis. This response 
differed significantly from the 46 per cent increase produced by unheated extract 
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(table 3). That the activity of heated extract was not entkely due to residual 
ketogenic principle vas evidenced by a lack of stimulating effect of the original 
extract vhen added in amounts 5 per cent as large as the standard dose (3 expts.). 
The residual activity might have been due either to the presence of non-specific 
ketogenic material peculiar to pituitar}' extract, or the result of the process of 
heating which could cause the release of substrates or other substances which 
facilitate ketone formation. 

Pituitary extract had no significant effect on acetone bodj* consumption by 
muscle and kidnej’- tissue (table 3). 

Glucose 'produciion and consumption. Liver tissue invariably produced glucose 
whether the rats had been fasted or fed (table 1). The production averaged 
1.3 mgm. per 100 mgm, of tissue in the group of fed rats, and 0.8 mgm. per 100 
mgm. of tissue in the fasted gi-oup. The glucose production b}' the liver of fasted' 
rats can be assumed to represent for the most part gluconeogenesis inasmuch 
as there would be insufficient glycogen present to account for an output of this 
magnitude. All other tissues, with the notable exception of kidney, utilized 
glucose. Kidney slices produced 1 mgm. of glucose per 100 mgm. of tissue. 
The output of carboh 3 ^drate b 3 ' kidney tissue was the more striking in that it 
exceeded the production b 3 ’ liver tissue from fasting animals. That this glucose 
resulted from the formation of new carbohydrate ma 3 ’ be assumed with fair 
justification, because the store of gl 3 ’'cogen noimall 3 " present in kidne 3 ’ is verx’’ 
small. 

Anterior pituitary extract was without significant influence on the glucose 
production b 3 ' liver and kidne 3 ’ or on glucose utilization b 3 ’^ diaphragm (table 3). 

Discussiox. The finding that liver tissue invariabh" produces acetone bodies 
and that all other tissues invanabh' utilize them under conditions of incubation 
%'eiy closely simulating those that exist duiing life lends further weight to recent 
concepts of the mechanism of ketosis. The output 1)3* the liver ma 3 ’ be repre- 
sented as an algebraic summation of production and interconversion. A decrease 
in ox 3 ’-gen tension results in decreased total production. High ox\'gen tension 
shifts the equilibrium acetoacetic acid 5 =^ beta-h 3 -drox 3 ’’but 3 Tic acid toward 
the left and low oxygen tension toward the right. That the two acetone bod 3 ' 
fractions are readil 3 ’' convertible one to the other b 3 ' various tissues is well known. 
The mechanism of anaerobic conversion of acetoacetic acid to beta-h 3 ’drox 3 'but 3 '- 
ric acid b 3 ^ tissue slices has been studied bx' Quastel and T\ffieatle 3 ' (1935) and 
Edson and Leloir (1936). In order to duplicate the behavior of the liver as it 
functions in situ, liver slices must be exT>osed to a gas mixture containing less 
than 95 per cent ox 3 'gen, because with high concentrations of oxx'gen, the outflow 
of beta-h3'drox3'but3'ric acid is reversed. The coirect ox 3 ’gen content is not 
necossarih' as low as 15 per cent, exnn though at this level a near noimal ratio is 
maintained during incubation. A predominant output of acetoacetic acid during 
life would not be inconsistant with a low ac-ac/B-oxy senmi ratio, if tissue 
utilization of this compound were more rapid than that of beta-hx'droxybutx'ric 
acid. 

The disappearance of acetone bodies in the presence of brain tissue would 
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suggest that this organ utilizes these compounds. This is contrary to the general 
belief that brain consumes only carbohydrate, hlulder and Crandall (1942) 
concluded that the dog’s brain does not utilize acetone bodies. Their conclusion 
•was based on then- failure to demonstrate an arteriovenous difference in acetone 
bodj' concentration. It may be calculated, however, that the expected A-V 
difference would be too small to demonstrate by present methods of analysis. 
If one assumes that a dog brain -weighing 100 grams -with a blood flow of 100 cc. 
per minute consumes 0.33 mgm. of acetone bodies in, one minute (the latter 
calculated from the present data), the change in blood acetone body concentra- 
tion would be only 0.33 mgm. per cent. 

The present experiments offer direct evidence that anterior pituitary extract 
accentuates ketosis by stimulation of hepatic ketogenesis. It of course may not 
be concluded with certainty that this effect is due to the specific ketogenic prin- 
ciple of the pituitary. The latter is not available in pure form. Crude extracts 
contain a multitude of substances which might complicate the results of an in 
vitro study. The evidence which suggests, however, that the specific principle 
itself is responsible consists of the demonstration that two other tissue extracts 
were inactive and that heating markedlj’- reduced the activity of the pituitary 
preparation. 

The production of glucose by kidney tissue was unique among the various 
extrahepatic tissues studied. This is worthy of some note inasmuch as the liver 
has until recently been assumed to be the sole organ participating in gluconeo- 
genesis. Under the conditions of these experiments, however, the glucose output 
per unit weight of kidney tissue from the fasting animal actually exceeded that of 
liver. Wilhelmi (1944) has recently obtained similar results when liver and 
kidney slices were incubated in serum. In the experiments of Weil-Malherbe 
(1938) and of Stadie, Zapp and Lukens (1941), it -wdll be noted that kidney slices 
in the absence of substrate formed fermentable carbohydi'ate during incubation. 
Russell and Wilhelmi (1941) showed that kidney slices foimed considerable 
carbohydrate in the presence of certain amino acids. Russell (1942) offered 
the suggestion that the delayed fall of blood sugar in the eviscerated animal, 
when the kidne3'-s were left in place, might be due to gluconeogenesis by kidney 
tissue, and Reinecke (1943) has recently produced excellent evidence that such 
is actually the case . It would appear therefore that the kidney must be included 
along -uTth the liver as a source of new carbohydrate in the living organism. 

SUMMARY 

1. Rat liver tissue incubated in rat serum under aerobic conditions invariably 
produced acetone bodies whether the rat had been previously fasted or fed. 
Anterior pituitaiy extract accentuated this ketogenesis. Heating of the extract 
markedly reduced its activity. Kidnej’- and muscle extracts were inactive. 

2. The equilibrium: acetoacetic acid ^ beta-hydroxybutyric acid in the 
presence of liver tissue was veiy sensitive to changes in oxj^gen tension^ It 
would appear that the high concentration of ox\-gen ordmarily used in tissue slice 
experiments causes an abnormal shift of the equilibrium to the left. 
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3. Diaphragm, Iddnej'', spleen, omentum and even brain invariably utilized 
acetone bodies. -The rate of consumption by diaphragm and kidney was not 
influenced by anterior pituitary extract. 

4. Liver and ludnej'' without exception produced glucose, wliile the latter was 
utilized by muscle, spleen, brain and omentum, Kidnej' was a better former 
of new glucose weight for weight than liver. 

% 

I am greatl}’’ indebted to Miss Ethel Buchwald for technical assistance. 
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Goda (1938) and Stewart and Thompson (1941) have shown that slices of Idd- 
ney tissue vdll cause the disappearance of fructose with the simultaneous ap- 
pearance of glucose if the conditions are favorable. Griffiths and Waters (1936) 
and the author (Remecke, 1942a) have obtained results that indicate that fruc- 
tose mil prolong the life of the eviscerated animal that still retains its kidneys. 
Since all this e\'idence suggests that the kidney has a function of some particular 
importance in the metabolism of fructose, the experiments reported here were 
imdertaken to explore further the possibility of the existence of such a renal 
function. 

Methods and materials. Male albino rats obtanied from Sprague-Daw- 
ley, Inc. were used. They were prepared, maintained and abdominally evis- 
cerated in a manner previously described (Reinecke, 1943). The analyses for 
blood sugar, fructose and lactic acid were made on 0.05 cc. samples of blood that 
were deproteinized Avith dilute tungstic acid solution in the proportion used in 
the fructose method (Reinecke, 1942b). Of the approximately 4.5 cc. of filtrate 
obtained from the 0.05 cc. of blood, 1 cc. was analyzed for fructose. A second 
cubic centimeter Avas diluted Avith 1.5 cc. of Avater and then analyzed for total 
sugar (Reinecke, 1942c). A third portion of 2 cc. Avas treated Avith 0.5 cc. of 10 
per cent copper sulfate folloAved by an excess of poAvdered calcium hydroxdde. 
After the cupric hydroxide and excess calcium hydroxide had been centrifuged 
doAATi, lactic acid Avas determined in the supernatant liquid (Barker and Summer- 
son, 1941). One-tenth cubic centimeter samples of blood Avere taken in many 
instances to alloAv the analyses to be checked. The difference betAveen the blood 
fructose and total sugar Avas taken as the blood glucose. The methods used for 
analyzing the carcasses for fructose are detailed- in the legends of the respective 
figures. 

Results. The destruction of fructose hy the nephrectomized and the non- 
nephrectomized, eviscerated rat. (See fig. 1.) It aa^s found that if both were 
given the same amount of fructose, the non-nephrectomized eviscerated rat 
' Avould destroy more fructose in the same length of time than AAnuld the similar 
nephrectomized animal. This occurred in spite of the fact that the average 
blood fructose level Avas loAver in the non-nephrectomized preparation. 

Since it Avas necessary to inject glucose into the nephrectomized, eviscerated 

' Aided by a grant from the Committee on Scientific Researcli of the American Medical 
Association. 

■ The author wishes to express his appreciation for the encouragement and inspiration 
given him by Dr. Leo T. Samuels. 
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Pig. 1 . The destruction of fructose by the nephrectomized and the non-nephrectoxnized, 
eviscerated rat. The rats used rrere approximately 200 grams in body weight. They were 
divided into five groups as shown in the bar graph representing the carcass fructose. (Char- 
acteristic symbols indicate individual values; heights of bars outlined in solid lines, the 
averages of these for the respective groups; and the height of the tops of the bars drawn in 
broken lines, the amount of fructose given each animal in the corresponding groups.) The 
animals in group “a” were allowed to fast for approximately one day. They were then 
eviscerated and nephrectomized; 400 mgm. of fructose in 20 grams per cent solution was 
given to each animal intravenously via the external jugular vein immediately at the comple- 
tion of the operative procedures. After allowing 1 minute for the sugar to mix with the 
blood}. the abdominal, thoracic and cranial cavities Avere opened and the carcass was plunged 
into enough boiling water to make a total volume of 1 liter. The water covering the carcass 
AA’as kept boiling for the following 15 minutes. The carcass was then torn into small pieces 
with a tongs and boiled for 4 hours under reflux with stirring in the apparatus shown in the 
figure. A 10 cc. aliquot of the fluid portion of the resultant mixture was treated with 20 cc. 
of 10 per cent zinc sulfate and a drop of alcoholic phenolphthalein. Water was added to 
make G5 cc. and then a saturated solution of barium hydroxide until the phenolphthalein 
became permanently pink. The mixture was finalb' diluted to 100 cc. with water, and after 
thorough mixing a portion ivas filtered. A trace of concentrated sulfuric acid was added to 
the filtrate to neutralize the excess base. Any barium sulfate formed was removed by cen- 
trifugation and the clear supernatant fluid was analyzed for fructose (Reinecke, 1942b). 

The animals in group "e” ivere carried through the same procedure as those in “a” with 
the exception that no fructose was given. 

The animals in groups “b", “c” and “d.” were allowed to fast about 4 days. The ani- 
mals in group "b” (indicated by solid circles or solid circles connected by solid lines) tverc 
eviscerated and nephrectomized. Those in “c” (indicated by open circles or open circles 
connected by broken lines) and "d" (indicated by “x”s or ‘'x”s connected by broken line.s) 
were eviscerated but not nephrectomized. The animals in groups "b” and "c” were given 
fructose and glucose (two 1 cc. injections of a solution containing 20 grams per cent of each). 
Ihe animals in group “d" were given fructose onl 3 ' (two 1 cc. injections of a solution con- 
taining 20 grams per cent). The injections were given via the saphenous veins at the time 
indicated bj’ the characteristic .sj'mbols in the groups of horizontal lines at the top of the 
chart showing the blood fructose curves. If the.se lines are compared with the time scale of 
this chart, they .show the periods during Avhieh the tissues of the individuals in each of the 
groups could act on the injected fructose. At the time indicated by the vertical line at the 
end of each horizontal line, the respective animal was chloroformed and then together with 
its urine, shed blood, etc.,Avas analj'zed for fructose in the manner described. Anj’ appreci- 
able loss of fnictose was prevented bj* keeping each animal in a separate battcr\’ jar through- 
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rat to keep it alive throughout the experimental period, the effect of such injec- 
tions was studied in the non-nephrectomized animal. They seem to have been 
without marked effect on the rate of destruction of fructose in this preparation. 

The prolonged increase in the blood fructose concentration observed in the 
neplirectomized animal after an injection of that sugar ^da the saphenous vein 
would seem to suggest that the circulation must be very sluggish in this animal 
to account for such a slow mixing of the sugar with the blood. It is not possible, 
however, to determine from the data on the blood fructose whether or not the 
circulation of the non-nephrectomized animal is more adequate, for the rapid 
removal of the fructose from its blood would mask a similarly slow rate of mixing. 
The blood glucose curves, however, indicate that the sugars were mixed "with 
the blood surprisingly slowlj’- in both the neplirectomized and non-nephrectomized 
animals. This may be due to a low arterial blood pressure similar to that found 
by Houssay (1944) in eviscerated dogs. 

The effect of fructose on the blood glucose and lactic acid of the neplirectomized and 
the non-nephrectomized^ eviscerated rat. (See figs. 2 and 3.) Since the parenteral 
administration of fructose has a marked effect on the blood lactic acid (Deuel, 
1936) and some effect on lilood glucose (Rcinecke and Samuels, 1942) in the 
intact animal, the effect of the injection of fmetose on these constituents of blood 
'vas studied with the hope that this might give further information as to whether 
or not the kidney is involved in fructose metabolism. 


out the experiment and rinsing this jar with water that then was added to that in wliich tlic 
carcass was to bo boiled. All blood samples were taken from the tip of the tail except the 
final one on each animal, which was taken from the right ventricle. 

The individual value marked by an asterisk in group "b” on the b.ar graph showing the 
carcass fructose was not used in determining the average fructose found for its group, for the 
corresponding animal did not survive for quite the entire experimental period. This can 
he seen on inspection of the groups of horizontal lines mentioned in the preceding paragraph. 

The indicated surgical procedures were completed on all the animals in groups “b’'-‘'d” 
within the total elapsed time of 41 hours. 

Numerous vanes are cut in the periphery of the cork shown at the top of the apparatus for 
stirring under reflux. These engage the jet of compressed air in such a fashion that it causes 
the cork to spin. 

The drawing illustrating the technic for cannulating a small vein is modified from a figure 
lu a thesis presented by the author to the Graduate School of the University of h'linnesota 
hi 1941 in partial fulfillment of the requirements for the Ph.D. degree in physiology. The 
cannula is pushed out of the needle and into the vein by the obturator. One end of a length 
of very slender rubber tubing inch wall, inch bore; Davol Rubber Co., Providence, 
Rhode Island) is slipped over and tied to the exposed end of the cannula and then, if the 
cannula has been placed in an external jugular vein, the tube is threaded underneath the 
skin to the nape of the rat’s neck where it is brought to the surface and secured with a suture. 
Size "A” silk is used to tie the cannula in the vein and the tube to the cannula. An injec- 
tion is made by inserting a no. 27 hypodermic needle through the wall of the exposed portion 
of the tube. The injections of concentrated sugar solutions were routinely followed bj^ a 
small injection of physiological saline to eliminate the error due to the retention of some 
sugar in the tube and to prevent irritation of the wall of the vein by the hypertonic solution 
Witli consequent occlusion. - 
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Fig, 2. The efiect of fructose on the blood glucose and lactic acid of the non-nephreclo- 
inized, eviscerated rat. The animals used were approximately 300 grams in weight. Eacli 
was given a subcutaneous injection of 2 cc. of physiological saline per 100 grams of body 
weight just before it was anesthetized in preparation for operation. All the animals except 
“H” had been allowed to fast for .approximately two days before being eviscerated. "H” 
was allowed to feed until just before evisceration. A cannula was placed in the external 
jugul.ar v’cin of each animal just before it was eviscerated (sec fig. 1). Five-tenths cubic 
centimeter of a 25 gram per cent solution of fructose per 100 grams of body weight (evis- 
cerated) was given to animals at the time indicated by a solid circle at the top 

of a solid vertical line. 

"K” and “L” were given "control” injections of saline at the time indic.ated by a crossed 
circle at the top of a broken vertical line. These injections were given intravenously via 
the cannula in the external jugular vein. A subcutaneous injection of 0.16 unit of insulin 
(Iletin, Lilly) per 100 grams of body weight (eviscerated) was given to each of the animals 
"A”-"F” at the time indicated bj’’ the arrow. "x”s connected bj' broken lines indicate 
blood lactic acid. Open circles connected by broken lines indicate blood glucose. Solid 
circles connected by solid lines indicate blood fructose. All samples were taken from the 
tip of the tail except those marked by a small heart, which were taken from the right ven- 
tricle. “G” w.as given a subcutaneous injection of 2 cc. of physiological saline per 100 grams 
of body weight (eviscerated) immediately after the sample was taken at the ninth hour. 
The cannula became occluded in “F”; therefore the injection w.as made via the %'cnous 
.spaces of the glans penis in this instance. 



MiUlgrami per lOU C€. or o»ooa 


THE KIDNEY AS A LOCUS OF FRUCTOSE METABOLISM 


G73 



Fig. 3. The effect of fructose on the blood glucose and lactic acid in the nephrcctomized, 
eviscerated rat. Animals of approximately 300 grams body weight were used. 
and “I” were allowed to feed until just before they were eviscerated. “E”-"!!” and “J” 
were allowed to fast for from 4 to 5 days before being operated upon. Each animal was 
given a subcutaneous injection of 2 cc. of physiological saline per 100 grams of body weight 
just before being anesthetized for operation. A cannula was placed in an e.xternal jugular 
vein (see fig. 1) just before the evisceration proper which in turn was followed by nephrec- 
tomy. One cubic centimeter injections of a 25 gram per cent fructose solution were given 
at the times indicated by solid circles at the tops of solid vcrticle lines. One cubic centi- 
meter injections of a 25 gram per cent glucose solution were given at the times indicated by 
open circles at the tops of vertical broken lines. All of those injections were made through 
the cannula except in “I” where the first injection made through the cannula was unsatisfac- 
tory; a second injection via the venous spaces of the glans penis proved more satisfactory; 
a third injection also via the penis, however, failed. ‘‘x”s connected by broken lines indi- 
cate blood lactic acid. Open circles connected by broken lines indicate blood glucose. Solid 
circles connected by solid lines indicate blood fructose. All samples were taken from the 
tip of the tail. Immediately after the last sample shown in their respective curves was 
taken, animals were analyzed for carcass fructose. Each rat was anesthetized 

with intravenous sodium amytal and then passed through a small moat grinder throe times. 
The resultant finely chopped tissue was quantitatively transferred to the apparatus for 
stirring under reflux by several washes of distilled water. Enough water was then added to 
make about 1 liter and the whole was boiled with stirring under reflux for 15 minutes! The 
mixture was then filtered through muslin and the solids were returned to the apparatus. 
Enough water was added to make about 1 liter and the whole was again boiled with stir- 
ring under reflux for another 15 minutes. The mixture was filtered tlirough muslin as before 
and the solids again returned to the apparatus with enough water to make 1 liter, but 30 cc. 
of concentrated sulfuric acid were also added. This time the boiling with stirring under 
reflux was continued for 30 minutes. This acid digest was then added to the previous fil- 
trates to make a total volume of about 3 liters; 30 cc. of this was treated with a drop of 
alcoholic phcnolphthalein and 20 cc. of 10 per cent zinc sulfate. Enough of a saturated 
solution of. barium hydroxide was then added to give a permanent pink. The mixture 



674 


ROGER M. REINECKE 


The mixing of the injected fructose with the iDlood was much improved by mak- 
ing the injections via a cannula tied in an external jugular \’ein. 

In all of the ten non-nephrectomized rats given fructose there was a definite 
increase in blood lactic acid following the injection of that sugar. In two similar 
animals given control injections of physiological saline there was no comparable 
increase. The concentration of lactic acid in the blood of the nephrectomized, 
eviscerated rats was much more variable, but there was no consistent increase 
following the administration of fractose. 

Six of the tennon-nephrectomized, eviscerated rats given fmetose also exhibited 
a definite elevation in their blood glucose concentrations following the injection. 
In one (C) of the other four there was a small, rather indefinite increase. An- 
other of these (G) showed a rather short .siuwival period, which is characteristic 
of a poor preparation. The third animal (H) had been fed until just before evis- 
ceration, which in itself is sufficient to reduce the ability of the kidney to maintain 
the blood sugar level (Reinecke and RobertsS, 1944) and which hence ma}^ also 
possibly adversely affect the renal function concerned vith fructose metabolism. 
In a fourth animal (J) the blood' glucose was not observed. No definite effect of 
fructose on the blood glucose of the nephrectomized, eviscerated animals was 
found. But the interpretation of the data is complicated in this instance by the 
necessity for repeated injections of gluco.se to maintain the animals alive. 

Because the analyses of the carcasses of the nephrectomized animals in the first 
experiment (fig. 1) did not indicate a significant destruction of fructose in con- 
trast to the findings of a previous study (Reinecke, 1942a) the carcasses of the 
nephrectomized animals used in this experiment were also analyzed for fructose. 
The destruction of fructose by the nephrectomized, eviscerated rat as reported 
before was confirmed. The apparent failure of the nephrectomized animals 
used in_ the first experiment to destroy fructose seems to have been due to, the 
fact that the conditions chosen for the experiment — comparatively large doses of 
fructose with a comparatively .short period allowed for the tissues to act — would 
tend to mask a slow destmetion of the .sugar. 

The non-nephrectomized animals given no fructose showed a marked increase 


was diluted to 100 cc. and stirred. A portion wa.s filtered and the filtrate was acidified 
with a trace of concentrated sulfuric acid. Any barium sulfate formed was removed by 
centrifugation. Fructose was determined in the clear supernatant fluid (Reinecke, 1912b). 
The results are shown in graph “K”. The lettered bars are for respectively the same ani- 
mals as the individual graphs of blood constituents with corresponding letters. Unfortu- 
nately the carcass analysis of “H” was spoiled. The bars in group I indicate the values 
obtained from the analysis of similar animals that had been given no fructose. Those in 
group II indicate the values obtained from the analysis of animals given fructose and 
then killed after only a moment liad been allowed for the fructose to be distributed 
throughout the tissues. The bar marked III shows the value obtained by analysis of a 
sample from 3 liters of water to which fructose and 30 cc. of concentrated sulfuric acid had 
been added. The precipitation of zinc hydroxide and barium sulfate was carried out in flic 
de.scribed manner on this sample. 

The initial portions of the glucose curves of “A"-‘'.T” were presented in another paper 
(Reinecke and Roberts, 1914). 
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in blood lactic acid during the latter part of their period of survival. It is in- 
teresting to note that the only definite decreases in blood lactic acid levels in 
non-nephrectomized animals occurred after the administration of small doses of 
insulin. The explanation for tliis is not at present apparent. 

Discussion. The findings • that fructose disappears more rapidly in the 
presence of the kidney, and that injections of fmctose ivill cause an elevation of 
blood lactic acid and glucose levels in the eviscerated rat that retains its kidneys, 
but that the lactic acid level is not affected in the animal from which the kidneys 
have been removed, all are strongly suggestive that the kidneys are organs of 
particular importance in the metabolism of fructose. The finding of Corkill and 
Nelson (1939) that the infusion of fmctose was without effect on the blood lactic 
acid levels of the spinal, eviscerated cat is supported, for these investigators seem 
to have removed the kidneys from their preparation. However the results of 
Sterkin et al. (1939) that the injection of fructose was without effect on the blood 
lactic acid and glucose of the hepatectomized dog and those of Bollman and Mann 
(1931) that it was without influence on the blood glucose level of the non- 
nephrectomized, eviscerated dogs are at variance with the present findings. The 
basis of the discrepancy may be a species difference ; but it seems to the author 
that it is also possible that matters of technic are involved, for it has been found 
that another and probably related function, namely, the maintenance of the blood 
sugar level in the eviscerated rat, is suppressed by the loss of small amounts of 
blood during and after evisceration (Reinecke, 1943). The evisceration of 
the rat is teclmicall}'- a simple procedure while the evisceration of the dog is a 
relatively formidable operation. It must also be recalled that the method used 
for estimating the blood glucose in these experiments is such that some non- 
fermentable reducing substances appear as glucose. 

The terminal elevation in the blood lactic acid level in the non-nephrectomized, 
eviscerated rat that had been given no fructose supports a similar finding by 
Drury and McMaster (1929) in the hepatectomized rabbit. 


SUM3MAEY 


Non-nephrectomized, eviscerated rats were found to destroy fructose more 
rapidly than similar nephrectomized animals. 

The injection of fructose was found to cause an elevation in the blood glucose 
and lactic acid levels in the non-nephrectomized, eviscerated rat. Similar 
changes in the concentrations of these substances were not observed in the 
blood of the nephrectomized, eviscerated rat. 
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THE EFFECT OF BLOOD WITHDRAWAL AND REPLACEMENT ON 
THE BLEEDING VOLUME OF NORMAL DOGS UNDER 
BARBITAL ANESTHESIA^ 


HAMPDEN LAWSON 

From the Department of Physiology, University of Lonisrille, School of Medicine 
llcccivecl for publication March IS, 1944 

In recent studies on blood sul)stitutes the volume of blood which must be 
A\-ithdrawn to produce circulatory standstill has been used for comparing the 
adequacy of circulating fluids (Lawson, 1943; Lawson and Rehm, 1943). The 
studies were made possible by the observation that a faii-l.v reliable control 
estimate of the total bleeding volume may be obtained by extrapolation fi-om 
the data on mean arterial pressure after partial exsanguination. The animals 
survive for several hours if the blood draAvn for the control estimation is rcjdaced, 
and can be bled to death subsequently for mcasui-ement of the change in bleeding 
volume. The chief consideration in the early studies was t he selection of experi- 
mental conditions under which the amount of change in bleeding volume after 
the replacement would depend upon the comjjosilion of the fluid used. The 
experimental conditions were for this reason highly S])ccialii5ed, and included a 
rather severe conditioning and screening hemorrhage several hours before the 
control estimation of bleeding volume. These conditions am obvioush' not ideal 
for more fundamental studies. 

The Amlume of blood Avhich must be rvithdrawn in ol der to produce permanent 
stoppage of arterial flow is 

H + I- L, 

where H is the volume drawn (bleeding volume), Q is the initial blood A'olume, 7 
the volume exchanged with cxtravascular .spaces during the bleeding, and L the 
liminal volume of blood required to maintain a finit c cardiac output. Considera- 
tion of the hemic and hemodynamic factors which could influence the two latter 
values suggests that bleeding volume may reflect a variety of circulatoiy changes. 
Its possible utilitv' as a measurable quantity Avarrants investigation of the condi- 
tions under Avhich it may be measured in normal animals. 

The present report examines the z-eliability of the extrapolation for the residual 
bleeding volume after partial exsanguination in normal dogs, Avithout special 
preparation or selection. An attempt is made to find conditions under Avhich 
bleeding volume does not decline folloAAnng partial exsanguination and i-eplace- 
ment. Indirect evidence is presented that bleeding volume is a linear function 
of blood volume AA'ithin certain limits. 

AIiiTHODS. Unselected dogs, kept AA'ithout food and Avater for 24 hours, Avere 
injected intravenously Avith 250 mgm./kgm. sodium barbital after anesthesia 
had been induced Avith ether. IMean arterial ]zressui-e A\'as recorded from a mer- 

1 Aided by .a grant from the Knox Gelatin Company, JohnstOAvn, N. Y. 
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cury manometer connected with a femoral arteiy, the contralateral femoral arteiy 
being cannulated for bleeding, and a femoral vein cannulated for infusions. 
The animals were tracheotomized and kept in a supine position througliout the 
period of observation with non-obstructing leg holders. 

Blood was drarni by free hemorrhage through the femoral bleeding cannula in 
unit volumes of 2 cc./kgm., the withdrawals being started at- intervals of 2 min- 
utes. Pressure \vas read at the end of eacli interval, as in the former studies.. 
When total bleeding volume was to be measured, the interval bleedmgs were 
discontinued as soon as mean arterial pressure fell below 10 mm. Hg, a fractional 
withdrawal on the last bleeding being recorded as cither 0 or 2 cc./kgm., which- 
ever was the nearer. 



Fig, 1. Mean arterial pressnre during controlled hemorrhage at the rale of2cc.lhgm.f2 min. 
Duration barbital .ancstho.sia IJ liouns at start of tracing. Each numbered signal at the 
bottom marks withdrawal of 2 cc. blood per kgm, body weight by free arterial bleeding. 
Pre.s.sure readings, taken just before each withdrawal are given as points, which have been 
roughly fitted to .3 .straight line.s. Time recorded in minutes. The height of pressure at the 
start of the tracing is not typical. 


In the replacement experiments autogenous blood was used, heparinized as it 
was drawn during the control c.stimation. Replacement was started 2 minutes 
after the last interval bleeding, and wa.s completed within 3 to 8 minutes. 

Rk.sult.s. The ajfcct of hleedinej on mean arterial pressure. Figures 1 and 2 
illustrate the two tyjios of records obtained under these conditions when the 
bleeding wa.s continued to stoppage of the circulation. Qualitatively the records 
resemble tho.se obtained in the pre\'ious .studies on pre-hemorrhaged animals, 
'riu* initial and terminal linear segments, along which the rate of pre.«.snre decline 
remain.s eon.stant, corie.spond to the initial and terminal pre.ssure platcau.s ol liie 
former reports. Tlie middle .‘-egment in the rceoi’ds was usually also linear during 
the first 2 to 3 houtv of anesthe.da. with shurj) points of inflection above and be- 
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low, as in figure 1. After the tliird hour, linear middle segments were rarel}^ 
observed (fig. 2). Records qualitativel 3 ’' resembling figure 1 have been obtained 
in animals subjected to this type of bleeding under ether anesthesia, the depth of 
anesthesia being reduced as pressure fell. 

The 'partition of bleeding vohnne at 60 'mm. Hg. Extrapolation for the residual 
volume after partial exsanguination rvas based in the former studies on the findmg 
that bleeding volume, under the conditions of the studies, was divisible into a 
variable volume obtained above 60 mm. Hg mean arterial pressure, and a rela- 
tivelj'' constant volume obtained after pressure had fallen below 60 mm. The 
control estimate of bleedmg volume could thus be made simply' Iw" measuring the 
^"ariable Amlume required to lower pressure to 60 mm., and adding the fairl}'' 
constant residual volume found to be obtainable below that level in control 
animals. 



Fig. 2. Construction of figure as in figure 1. Duration barbital anesthesia at start of 
tracing 3^ hours. The fall in pressure below the terminal linear segment at the ISth reading 
is not typical. 

Division of the total bleeding volume into corresponding fractions has been 
done in figure 3 for a group of normal animals bled to death under the present 
conditions. The average volume drami above 60 mm. was 25.6 cc./kgm., s.d. = 
7.76 cc./kgm. ; the average volume drawn below 60 mm. was 22.5 cc./kgm., s.d. = 
3.24 cc./kgm. The coefficient of variation for the upper fraction is thus 30.3, 
while for the lower fraction it is onl.y 14.4. Since the lowest coefficient of varia- 
tion for the lower fraction observed with am’- rate of bleeding in the former studies 
was 19.3, it is apparent that the special conditions of the former studies are not 
responsible for the relative constanc^^ of the volume obtainable below 60 mm. 
The limited variations in the lower vourae do not appear from the 'data of figure 
3 to be related in any sj’stematic fashion to variations in the volume drawn at 
the higher pressure levels. 

The volumes drami below 60 mm. Hg in this group of animals are plotted in 
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figure 4 against the duration of barbital anesthesia. There is no evidence in the 
data for any jjrogressive change in tin’s volume during the first 10 hours of 
anesthesia. 

If bleeding is terminated at 60 mm. Hg under these conditions, the residual 
bleeding volume may be expected, at a probability of 0.05, to lie between 16 and 
28 cc./kgm., with an average value in the neighborhood of 22.5 cc./kgm. The 
expected limits of variation are corrected, for the purposes of this prediction, 
to the nearest multiple of 2 because of the treatment of fractional bleedings 
described above. In obtaining the.se data an attempt has been made to include 
animals with extreme variations in the volume obtainable above 60 mm., and the 
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Fig. 3. Relationship behcccn the volumes drawn above arid below 60 mm. Hg mean arterial 
pressure during complete exsanguination at the rale of 2 cc.fkgm./2 min. EacJi point repre- 
sen<.s a single animal. The bracketed figures at the bottom are the means, with their stand- 
ard errors, of the volumes obtained below 60 mm. when the volumes drawn at the higher 
levels were above and below the median, respect i^-ely. The lowest bracket gives the mean 
of all the volumes drawn below 60 mm., with s.e. and s.d. All volumes as cubic centimeters 
per kilogram. 

Fig. 4. The effect of prolonged barbital anesthesia on the volume obtainable below GO mm, Hg. 
S.ame group of animals as in figure 3. The volumes drawn after mean arterial pressure had 
fallen below GO mm. arc plotted against the duration of anesthesia at the start of the bleed- 
ing. Volumes .as cubic centimeters per kilogram. The bracketed figures at the bottom give 
the mean volumes obtained, witli their standard errors, during the first, second and third 
3-bour periods. 

.scrie.'? ha.s been extended .«omewhat beyond the period of ane.sthe.‘5ia expected to 
.suffice for mo.st experiment.s. It Is probable that tlie limits of variation in the 
re.sidual volume at GO mm. have been liberally e.stimated. 

The chanfjc in total hteeding volume under barbital anesthesia. At the .start of 
these studies it wa.s customary to barbitalize at the beginning of the day all the 
animals to be used, and to leave them undisturbed until it wa.s convenient to work 
on them. -Alter a sufficiently large number of animals liad been bled to the GO 
mm. end-point it became apparent that the volume of blood drawn above GO mm. 
depended upon the duration of ane.sthe.sia. The.se data are .summarized in tabic 
1, fr<im which it can be seen that thi.^! volume i.s at a maximum during the fourth 
hmtr. The increa.«e during the /i?-.st .3 hours i.s accompanied by a rise in arterial 
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TABLE 1 

The effect of prolonged barbital anesthesia on bleeding volume and on mean arterial 

pressure 

The third column gives mean arterial pressure at the beginning of the bleeding. The 
fourth column gives the. volume which had to be drawn at the rate of 2 cc./kgm./2 min. to 
lower pressure to 60 mm. Hg. Total bleeding volume may be estimated by adding 22.5 
cc./kgm. to these values. The fifth column gives the volume obtained on the first linear 
segment of the pressure records. Values given are means with their standard errors. 


HOURS BARB. 

NO. DOGS 

art. pressure 

VOL. ABOVE 60 IIM. 

VOL. 1st LIN. SEC. 



mm. Bg 

cc./kgm. 

cc./kgm. 

1st 

6 

110.0 ±6.448 

22.3 ±4.143 

14.0 ±4.261 

2nd 

.21 

112.2 ±3.318 

25.1 ±1.365 

13.5 ±1.492 

3rd 

37 

120.7 ±2.618 

27.1 ±1.243 

15.1 ±1.500 

4th 

42 ^ 

123.5 ±2.470 j 

30.2 ±1.045 

20.2 ±0.883 

5th 

21 

125.5 ±3.288 | 

27.8 ±1.258 

20.1 ±1.098 

6th-10th 

26 

124.2 ±2.286 

24.3 ±1.263 

17.6 ±0.923 


TABLE 2 

Bleeding volume after withdrawal of the volume above 60 mm. and injection of uniforin 

volurnes of blood 

The volumes drawn in lowering pressure to 60 mm. Hg are given under the heading 
Hia. Total bleeding volumes at this time are estimated by adding 22.5 cc./kgm. to these 
values, and the estimates are given under the heading Hi. The volume of blood re-injected 
is given under R. Only autogenous blood was used, except for the case marked with an 
asterisk, in which 6 cc./kgm. were obtained from a donor animal. The potential bleeding 
volume- after bleeding and replacement is estimated as the sum of the residual and the re- 
placement volumes, and is given under the heading R + Hu. The volumes obtained on 
complete exsanguination after an interval of approximately 4 hours are given under the 
heading Hi. 


DOC NO. 

Bta 

1 

Bl (ESIIilATE) 

R 

R + Bu 

(ESTIilATE) 

B: 

1 

36 

58.5 

10 


30 

2 

28 

50.5 

10 


32 

3 

24 

46.5 

10 


30 

4 

32 

54.5 

10 


34 

5 

28 

50.5 

10 


32 

iMean 

52.1 


32.5 

3.24 

31.6 

1.67 

S. D 

4.58 




6 ^ 

30 

52.5 

20 


44 

7 

26 

48.5 

.20 


42 

8 

34 j 

56.5 

20 


40 

9 

40 

62.5 

20 


38 

10 

24 1 

46.5 

20 


44 

11 

14 

36.5 

20* 


44 

Mean 

50.5 


42.5 

n 

S.D ... ! 


! 2.53 

i 

8.94 

3,24 
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pressure and an increase in the length of the initial linear segment in the pressure 
records . The decline after the fourth hour is not accompanied by a fall in arterial 
pressure, although the initial linear segment in the records appears to be some- 
what shortened. 



COMPLETE EXSANGUINATION 
MINUTES 

Fig. 5 Fig. 6 

Fig. 5. Relationship between observed and expected bleeding volumes. The broken 45° line 
gives the mean volumes expected if bleeding volume after withdrawal and replacement of 
blood is equal to the sum of the residual and the replacement volumes (//k + 2B). The 
parallel dotted lines give the expected limits ofvariation at 0.05 probability due to the 
error in estimating the residual volume The partial e.xsanguination was termi- 

nated at 60 mm. Hg in the case of the solid circles, and the value estimated iov Hi, is 22.5 
cc./kgm. ./Vn additional 10 cc./kgm. were withdrawn before replacement in the case of the 
hollow circles, and Hu was estimated as 12.5 cc./kgm. The volume of replacement (J?) 
may be obtained by subtracting from the abscissae 22.5 for the solid circles, and 12.5 for the 
hollow circles. Interval between replacement and the final measurement of bleeding vol- 
ume approximately 4 hours. All volumes'as cc./kgm. 

Fig. 6. The change in bleeding volume and mean arterial pressure immediately follou'ing 
bleeding and replaecmcnt. Expected bleeding volume (Jlu 4- E) == 42.5 cc./kgm. average. 
In all cases where the interval was less than ISO minutes, the partial exsanguination was 
terminated at 60 mm. Hg, R was 20 cc./kgm., and H u was estimated as 22.5 cc./kgm. Bleed- 
ing volumes are given as circles, the percentage change in mean arterial pressure at the 
start of the bleeding as triangles, pressure at the start of the initial bleeding being taken 
as 100 per cent. Similarity of shading within the sj'mbols permits identification of blood 
pressure with bleeding volume, where more than one animal lies on the same ordinate. 
The dotted lines near the top of the figure give the limits of vanation in bleeding volume 
expected at 0.05 probability from the error in estimating Hi,. 

The bleeding was terminated at GO mm. in most of the.se animals. Since, how- 
ever, the data of figure 4 show tliat the volume obtainable below 60 mm. does not 
change with the duration of anesthe.sia, it is a.s.sumed that the average residual 
volume for all the groups in table 1 is approximately 22.5 cc./kgm., and the data 
are taken to rcprc.=cni change.' in total bleeding x'olume. It appears from thc.se 
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^ lata that total bleeding volume ma}^ decline as much as 6 cc./kgm. in undisturbed 
i^vTT^flls betAveen the fourth and the tenth hour of barbital anesthesia. 

Bleeding volume after withdrawal of the variable fraction and injection of uniform 
volumes of blood. If animals are bled to a uniform residual bleeding volume and 
' injected Avith equal Amlumes of blood, the}’- ma}’’ be expected to jdeld equal total 
bleeding volumes on subsequent exsanguination only if the volume of blood is 
the principal limiting factor for bleeding volume. This possibility AA'as examined 
in experiments AA’hich are summarized in table 2 and figure 5. In these and sub- 
sequent experiments of this report the animals AA'ere left undisturbed until after 
the third hour of anesthesia. Widel}'^ scattered data AA'ere frequently obtained 
AA'hen bleeding and replacement AA'ere done during the first 3 hours, the A’olumes 
measured subsequentl.y being as a mle considerabl}' beloAA' their e.xpected A’-alues. 
In both the table and the figure the inteival betAA'een the partial exsanguination 
and replacement and the measurement of total bleeding Amlume AA’as approxi- 
matel}’ 4 hours. Detailed data are given in the table for tAA’o groups to shoAA' that 
uniformity of total bleeding volume under these conditions can be obtained in 
animals AA’hose control bleeding A’olumes are AA'idel}’ different. The data for all 
the experiments are summarized in the figure. In about half the experiments an 
additional 10 cc./kgm. AA’ere AA'ithdraAATi after pressure had fallen to 60 mm. As 
is shoAA'n in the figure, such reduction in the residual volume does not seem to 
influence total bleeding A’olume if the replacement Amlume is correspondingly 
increased. 

Total bleeding A’olume appears from these data to be almost exacth’ equal to 
the potential bleeding volume estimated as the sum of the residual and the re- 
placement A’-olumes, so long as the potential volume is in excess of some A’alue 
betAA'een 22.5 and 32.5 cc./kgm. The small deficits obsei’A’ed Avhen the potential 
Amlume aa’US above this minimal A’alue could be attributed entirely to the decline 
in bleeding A’olume under barbital. 

The time required for stabilization of bleeding volume after blood withdrawal and 
replacement. In figure 6 the A’alues obtained for total bleeding volume are plotted 
against the duration of the interA’al betAA’een the partial bleeding and replacement 
and the measurement of total A’olume. The figure giA’es data for animals AA’ith 
estimated potential A’olumes of 42.5 cc./kgm. The figure shoAA’s that bleeding 
A’olume may dcA’iate in either direction beyond its expected limits of A’ariation 
for at least 2 \ hours after blood AA’ithdraAA’al and replacement. The mean of the 
obserA’ations at inten’als less than 3| hours is not significantly different from the 
mean of later obseivations. But the ratio of the variances is 10.74:1, AA’hich 
has a probability considerably less than 0.01 . The data of the figure are therefore 
interpreted as shoAA'ing that bleeding A’olume may be significantly increased or 
decreased for as long as houre after a partial bleeding and replacement. The 
data given in the figure on mean arterial pressure sIioaa’ that pressure usually 
recovers sIoaa'Ij’ folloAA'ing the replacement, and that the recoA’ery is far from com- 
plete during the unstable earl}’ period. 

The partition of bleeding volume at 60 mm. Hg after bleeding and replaceinent. 
The data of figure 7 shoAA' that the partition of the total A’olume into a A’ariable 
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volume obtainable above and a constant volume obtainable below 60 mm. Hg, 
is considerably disturbed for some time following paidial exsanguination and re- 
placement. The figure shows the expected values for both fractions in the fore- 
going experinaents, in comparison with the values actually observed. In general, 
the fraction obtained above 60 mm. appeal's to have been increased at the 



Fig. 7. The parlilion of total bleeding volume al 60 7nm. after bleeding and replaccvieni. 
Potential total bleeding volume is given below each block of data as 72 + H t„ where 72 is the 
volume of blood reinjected, and is the estimated residual volume at the end of the con- 
trol bleeding. Hu — 22.5 cc./kgm. for the cases shown in black, 12.5 cc./kgm. for the cases 
shown in white. The broken lines in the lo%ver half of the figure mark the limits of variation 
at 0.05 probability in the volume obtainable below 60 mm. from animals without previous 
bleeding and replacement. The broken lines in the upper half of the figure give the volumes 
expected above 60 mm., where (72 -f H u) — 22.5 is greater than 0. Inter^ml between control 
and final observation approximately 4 hours except for group marked “special.” In the 
latter the interval %vas 1-2J hours. In each block the data arc arranged in order of di- 
minishing total bleeding volume. All volumes as cubic centimeters per kilogram. 


expen.se of the fraction obtained below, llie shift of volume from the lower 
to the upper fraction seems to take place slowly, as there is no suggestion of it 
earlier than 2| houre after the bleeding and replacement. It does not appear 
to be clo.=ely related to the net volume of blood lost in the bleeding and replace- 
ment, since it was not diminished by increasing the volume of replacement. 
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Discussion. These data show that a fairly reliable estimate of total bleeding 
imlume may be made by partial exsanguination in normal dogs under barbital 
anesthesia ivithout sacrificing the animals. The error in the estimate, at 0.05 
probabiliti'’, is not greater than 6 cc./kgm. The percentage error at this proba- 
bility lies between 9 per cent for the larger and 16 per cent for the smaller total 
bleeding volumes observed after the third hour of anesthesia, ivhen the partial 
exsanguination is terminated at 60 mm. Hg mean arterial pressure; and between 
8 per cent and 13 per cent if an additional 10 cc./kgm. are drawn. Since both the 
absolute and the percentage error are somewhat less than in the former studies it 
is obvious that special preparation and selection of animals are not essential. No 
animals were excluded from the data of the present report except for an occasional 
case in which gross irregularities were obtained in^the pressure data as the 60 
mm. end-point for the partial exsanguination was approached. 

The volume which can be withdrawn below 60 mm. in normal dogs is larger 
and less variable than the volume which could be withdrawn, at the same rate of 
bleeding (2 cc./kgm./2 min.), in the former studies. That the difference is due 
to the preparatory hemorrhage of the former studies is suggested bi^ controlled 
data, in the present report, on the re-partition of total lileeding I'olume after 
blood loss. 

It appears likel.y that bleeding volume measurements will be more useful in 
the detection of circulator.y changes than in their elucidation. The multiplicitj'- 
of the factors which may influence bleeding volume is expected to contribute to 
the sensitivity of bleeding volume as an index to certain obscure circulator}'- 
changes, but at the same time makes interpretation highly speculative without 
additional data. 

It is well known that complex changes occur in the composition of blood and 
in hemodynamics during the first few hours of barbiturate anesthesia (Adolph, 
Gerbasi and Lepore, 1933; Adolph and Gerbasi, 1933; Jarcho, 1943; Green, Nick- 
erson, Lewis and Brofman, 1943). It is not surprising, therefore, that bleeding 
volume also changes. The small lileeding volumes of the first 3 hours are asso- 
ciated with arterial pressures considerably lower than those reported for unanes- 
thetized dogs by Corcoran and Page (1943). With this supporting ei'^idence, they 
are tentatively interpreted as temporarily depi'essed volumes, with recovery 
reaching a maximum some time between the fourth and sixth hours, along with 
arterial pressure. The terminal decline in bleeding volume under barbital is 
unaccompanied by a change in arterial pressure, which remains after the third 
hour at the levels reported for unanesthetized dogs. It probably does not repre- 
sent, therefore, simpl}^ a reversal of the mechanisms responsible for the initial 
increase in volume. This conclusion is supported by the observation that bleed- 
ing and replacement during the first 3 hours, but not during the terminal period, 
ma}’- be followed by a rapid decline in both arterial pressure and bleedmg volume. 

The graded replacement experiments were designed primar% for the purpose of 
examining the change in the residual bleeding volume with time at various levels 
of exsanguination . The residual bleeding volume at aii}^ time i during a complete 
exsanguination, is 
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Ji t ~ Qt li~A ~ 

^vhere H( is the volume remaining undrawn, Qt is the blood volume at that 
instant, I <_d is the volume which will be gained or lost in exchange with extra- 
vascular spaces between time i and stoppage of the circulation, and Ld is the limi- 
nal blood volume which will be required to maintain arterial flow when the 
exsanguination nears completion. The value of both I and L might be expected 
to change with time if a complete exsanguination were interrapted -for several 
hours during its coui’se. Unless equal changes occurred in I and L, the volume 
obtained on resuming the bleeding would not be expected to equal Hu The 
amount of change in I and L, and the resulting deviation from the expected bleed- 
ing volume, may be expected to depend upon the degree of exsanguination at the 
time of the interruption, as well as upon the duration of the interruption. 

In order to obtain the estimate of Ht required for the studjq it was necessar.y 
in the e.xperiments to withdraw completely the variable volume obtainable above 
60 mm., since extrapolation for the residual volume at higher pressure levels does 
not seem to be feasible. The residual volume was then adjusted to various levels 
of net blood loss by replacements or further withdrawals- The data obtained 
fail to reveal any difference in total bleeding volume at the end of 4 hours, be- 
tween animals subjected to over-bleeding and replacement, and those subjected 
to an equal net blood loss without over-bleeding. The data on graded replace- 
ment may therefore be regarded as valid for the purposes of the study, and 
(Hu R) In the experiments may be substituted for Ht in the equation above. 
Hu is the estimated residual volume at the end of the partial exsanguination, 
and R is the volume of blood re-injected. 

In the experiments in which bleeding volume at the end of the mterruption 
was found to be equal to Ht {— Hu + R), it is apparent that any girndh in 
/ t-d during the inten^al must have been matched by an equivalent increase in 
Ld. It is further apparent that this relationship does not depend upon the level 
of ex-sanguination, so long as Ht remains above a certain critical level. It Ls well 
knovTi that fairly rapid regeneration of plasma occure after non-critical losses 
of blood, so that volume losses of 25 to 40 cc./kgm. may be completely recovered 
within 12 to 24 hours (Hooper, Smith, Belt and ^Vhipple, 1920; Ebert, Stead and 
Gibson, 1941 ; Ebert, Stead, Warren and Watts, 1942) . It seems unlikeb'", there- 
fore, that the value of / in the equation above remains fixed for 4 hours in the 
present e.xperiments. In the more likely event that it gi-ows with the increase 
in the inten'al, the present findings must mean either that the plasma volume 
added during the 4 hour intenml is eompleteh' lost to the tissues when the bleed- 
ing is resumed, or that compensating changes occur in the value of Ld during the 
inten'al. 

Any deviation in bleeding ^'olume from its expected \"alue in these experiments 
must be due to uncompensated changes in / or L in the equation. Since signifi- 
cant deviations were observed for at least 2 hours following bleeding and replace- 
ment, it is obvious that at least one of these factors must continue to change for a 
time. The disappearance of the dcAuations at the end of 4 houre could mean 



ESTIiMATIOX OF RESIDIiAL BLEEDING VOLUME 


687 


either complete reversal, or the achievement of compensatoiy gi-owth in the 
remaining factor. The re-partition of bleeding volume at 60 mm. even after 
nearly complete replacement suggests that 4 hours are not long enough for rever- 
sal of all the changes, and thus favors the latter interpretation. Additional data 
on this point are obviously needed. 

The data offer evidence that bleeding volume is a linear function of the volume 
of blood possessed by the animal, within a limited range. Individual variations 
in bleeding volume were made to disappear by bleeding the animals to a uniform 
residual bleeding volume, and injecting equal volumes of blood. Increasing 
the volume injected produced an equal increase in bleeding volume. Control 
measurements of bleeding volume show individual variations of the same order 
as those reported for blood volume in unselected dogs bj'^ Bonnycastle and Cleg- 
horn (1942). The present data suggest, therefore, that variations in blood 
volume are largely responsible for the variations in bleeding volume observed on 
the initial exsanguination. 


SUMMARY AND CONCLUSIONS 

The residual bleeding volume can be estimated in normal unselected dogs 
under barbital anesthesia by extrapolation from the data on mean arterial 
pressure after pressure has been lowered to 60 mm. Hg 63 '’ controlled hemorrhage. 
The error in the estimation, at 0.05 probabilit}', is not greater than 6 cc./kgm., 
or 8 per cent to 16 per cent of the total bleeding volume. The absolute error in 
the extrapolation does not appear to change with the duration of anesthesia up 
to 10 hours, nor to vaiy with the total bleeding volume. Both bleeding volume 
and mean arterial pressure rise during the fii’st 3 horn’s of barbital anesthesia. 
Bleeding volume, but not arterial pressure, declines between the fifth and tenth 
hours of anesthesia. 

l\Tien animals were bled under these conditions until the residual bleeding 
volume as estimated b 3 ^ extrapolation ivas the same in all cases, and were re- 
injected with equal volumes of blood, the 3 ’^ were found to have neai'b’- uniform 
total bleeding volumes 4 hours later. If the potential bleeding volume was 
estimated as the sum of the residual and the replacement volume, the imlume 
obtained was found to be approximateh* equal to the potential volume, so long 
as the latter exceeded a critical value bung between 22.5 and 32.5 cc./kgm. When 
bleeding volume was measured earlier than 2 J hours after the initial bleeding and 
replacement, the volumes obtained deviated in both directions be 3 ^ond limits 
pei-mitted 133” the error in estimating the potential volume. The paidition of 
total bleeding volume into a variable volume obtainable above, and a relative^ 
constant volume obtainable below 60 mm. Hg mean ai*terial pressure, is con- 
siderabW disturbed for more than 4 hours after partial exsanguination and 

replacement. 

« 
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In a previous report (4) methods for testing the mitotic activit}’- m the corneal 
epithelium of rats have been described. Two substances, cocaine and ephedrin, 
Avhich have been shown with these methods to inhibit mitotic activity, are known 
to sensitize various effector organs to the effects of epinephrine. A third sub- 
stance, ether, Avhich Avas found to inhibit mitotic actmty, is knoAAUi to stimulate 
the secretion of epinephrine by the adrenal glands. It aa'es natural, therefore, 
to inquire AA’hether epinephrine itself Avould alter the mitotic activitj’- of the rat’s 
corneal epithelium. 

Our interest in the possible influence of epinephrine AA’as stimulated also by the 
folloAving observations. Vnien rats AA-ere taken from cages in AAdiich the}’’ had 
preA'iously been undisturbed, and immediate!}' sacrificed, mitosis counts on their 
corneas AA’ere found to be at AA'hat AA-e haA*e pi*eviously reported to be the nonnal 
leA'el. If, hoAA'ever, rats AA'ere transferred from one cage to another, or subjected 
to A'arious control procedures such as the intramuscular injection of salt solution 
or the instillation of salt solution into one eye, or annoyed in some other manner 
and then sacrificed for mitosis counts about an hour after such a procedure, 
abnormally Ioav mitosis counts Avere frequently found. In experiments in AA’hich 
tAvo hours or more AA'ere alloAA'ed to pass between these control procedures and the 
enucleation of the eyes for mitosis counts, no such abnormally Ioav counts were 
found, and the general results of the experiments preAdously reported are in no 
AA'ay vitiated by this instability in short time control experiments. NeA’-ertheless, 
since short time experiments AA'ere desirable for many purposes, an inA’estigation 
of this matter AA'as indicated. Experiments AA'ere therefore performed in order 
to see AA'hether excitement Avould alter the mitotic actmty of the corneal epi- 
thelium in a reproducible AA'ay and AA'hether such an effect AA'as in any AA’ay con- 
nected AA’ith the increased output of epinephrine caused by excitement. 

Methods. The method of counting mitoses in the rat’s cornea has been 
described previously (4). The figures gh'en beloAV are the numbers of mitoses 
found ia -hV of the corneal area. In experiments designed to deteiTnine the 
mitotic rate as distinguished from the instantaneous number of mitoses present 
in the tissue, 3 mgm. colchicine per kgm. body AA'eight AA'as injected intramuscu- 
larly and the animals sacrificed 4 hours later. 

I. Effect of exciteinent. ^^arious stimuli AA'ere used to excite the rats: clapping 

^ This Avork was supported in part by a grant' from The John and Mary R. Marlde Foun- 
dation. 
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of hands near the cages, rattling, or shaking the cages, hypodermic saline in- 
jections. The results with all of these were qualitatively the same. Pinching 
the animals’ tails with a forceps yielded quantitatively the most reproducible 
results. As seen in table 1 there is a marked drop in the number of mitoses in the 
cornea 40 to 60 minutes after the animals had been excited, and the mitotic rate 
can be kept at a low level for as long as four hours bj" repeated stimuli. 

II. Effect of inhibitors of adrenergic actions on the responses to excitement. In 
order to test whether this inhibition of corneal mitoses is related to a discharge 
of epinephrine, experiments were perfonned with two pharmacological agents 
which are known to internipt the neuro-humoral mechanisrh of adrenergic actions 
at two different points: ergotamin and nicotin. Ergotamin inhibits some ad- 
renergic actions at or near the site of the effector cell, while nicotin in suitable 
doses inhibits the output of epinephrine by paralysing the cholinergic sjmapse 
directl}^ responsible for the stimulation of the adrenal medulla (7). 

TABLE 1 

Effect of cxcitemenl on corneal mitoses 
Number of mitoses 


time ATTER OKSET or 10-15 MINETE EXaiEME.S-T PESIOO 



0 

40 minutes 

60 minutes 

Average mitosis counts 

116 

20 

12 

Number of eyes counted 

50 

[ j 

8 

8 



Mitotic rate imder colcliicine 



CONTROLS i 

EXCITED EOS 10 MINCTES 
E\XRy 1 HOtTE 

Average mitoses per hour 

1 112 

19 

46 

21 

Number of eyes counted 



One eye of each rat was removed under ether anesthesia. Two days later 
15 mgm. ergotamin bitartrate per kgm. was injected intraperitoneallj^ in one 
group of these animals, salt solution in another group. The animals were sacri- 
ficed one hour after the injection and the number of corneal mitoses compared 
■with those in the previous!}" removed eyes. The animals with salt solution 
showed a moderate decrease in mitosis count such as we had come to expect 
from this type of experiment. The animals with ergotamin showed on the aver- 
age a slight increase in their mitotic counts. It appears then that ergotamin 
abolished and partially reversed the effect of excitement on the number of 
mitoses. 

Similar results were obtained with nicotine. Each of a group of animals was 
given an intramuscular injection of 2 mgm. nicotin per kilo. Control animals 
received injections of salt solution. Twenty minutes after the injections their 
tails were pinched and they were kept excited for a period of 10 minutes’ duration. 
They were sacrificed for mitosis counts 40 to 60 minutes after the onset of the 
excitement period. In the animals given saline injections plus excitement the 












ailTOTIC ACTIVITY OF THE CORNEAL EPITHELIUM 


691 


mitosis count averaged onty 2 per cent of the normal, in those given nicotin 
plus excitement the count averaged 30 per cent of the normal. 

In other experiments of longer duration we found that both ergotamin and 
nicotin have some depressing effect on the number of mitoses in the rat’s cornea. 
The effect of these drags is, therefore, complex, but this in no waj'’ contradicts 
the conclusion that the effect of excitement on corneal mitoses is through an 
adrenergic mechanism. 

III. Effect of epinephrine. In order to avoid undesu-able excitement effects 
rats were “conditioned” to the local instillation of e3’^e drops b}'^ frequent applica- 
tion of saline eye drops for a period of about one month. At the end of this 
pei'iod epmephrine-acetate solution 1 : 1000 was instilled in one eye and a control- 
acetate solution in the other e.ye . A significant decrease in the number of mitoses 
occurred 40 to 60 minutes after a single instillation of epinephrme. 

TABLE 2 


Effect of systemic injection of epinephrine in peanut oil on corneal mitoses 

Number of mitoses 



BEFOKE 

INJECTION’ 

nOTJES AFTER INJECTION 

:|n 

2 

4 

6 

8 

Epinephrine 







Mitosis counts 

100 


1 

33 

19 

18 

Number of eyes counted 

10 

10 

9 

3 

1 

2. 

Peanut oil controls 






•• 

Mitosis counts 


64 

170 




Number of eyes counted 

IB 

S 

6 



i 


Mitotic rate under colchicine 



1 EPINEPHRINE (jIGil. PER KGM.) 

TEANUT 


1 







OIL 

NORMAL 


1.0 1 

0.5 

0.25 

0.1 

0.05 

0.025 

CONTROLS 

CONTROLS 

Average mitoses per hour 

5 

13 

28 

52 

63 

50 

113 

112 

Number of eyes counted 

2 

2 

2 

2 

2 

2 

22 

19 • 


The effect of systemic application of epinephrine is shown in table 2. In. the 
first experiment shovm in tliis table one e.ve each of some of the animals was 
removed as control, 2 to 3 daA's later injections were given of 1 mgm. epinephrine 
per kilo suspended in peanut oil. Controls were injected with peanut oil. The 
animals were sacrificed at various intervals after the injections for mitosis counts. 
The epinephrine produces an inhibition which is still marked eight hours after 
the injection. The peanut oil controls showed a slight drop in mitosis count at 
1 hour, and recovery at 2 hours such as was to be expected from the excitement 
of the injection. The effect of epinephrine on the mitotic rate was tested b}' 
combining the injection of epinephrine with colchicine. The animals were 
sacrificed 4 hours after the injection. Doses as low as 0.025 mgm. per kilo pro- 
duced a marked decrease in the rate of mitosis. The inhibition of mitosis b}’- 
epinephrine is not due to a lowered temperature of the cornea from local vaso- 
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constriction since the inliibition can be demonstrated Just as well in animals 
kept in a moist atmosphere in the incubator at 38°C. Moreover inhibition of 
mitosis can be produced b}’' appbdng epinephrine to the enucleated eye kept 
in a moist waim chamber. 

Supplementing our earlier observations on the effects of locally applied ephed- 
rine (4), we investigated its effect on systemic application. In doses of 200 
mgm. per kgm: bodjnveight almost complete inhibition of mitosis occurs in the 
rat’s comeal epithelium and the inhibition is still manifest 8 hours after injection. 

IV. Effect of sympathectomy. In view of the results of our experiments uith 
epinephrine it was of interest to see if the mitotic rate in the corneal epithelium 
is under the influence of local adrenergic inneiwation. Evidence of a more 
complex nature that s 3 Tnpathetic inneiwation exerts “trophic” influences has 
heretofore been presented for .striated muscle (1 , 2, 8), bone (6), .skin (9) and 
cornea itself (3). 


TABLE 3 

Effect of removal of swperior cervical sympathetic ganglion on corneal mitoses 

Number of mitose.? 


TIME AFTER DE.VERVATION' 


1 

i 

2} hr. 

5 hr. 

lP-20 hr. 

I v.-k. 

2wJ:, 

Per cent difference denervated vs. con-I 
trol eye ! 

+ 1 

— 15 

+13 

+18 

-26 

Number of animals ' 

3 

6 


6 

6 


Mitotic rate under colchicine 





TIME AFTER DENERVATION' 






mm 

I wk. j 

2 wk. 

2i wk. 

Per cent difference denervated 
vs. control 

1 

+14 1 

[ 

1 +11 

1 

' -71 

! 

—52 j 

-63 

—57 

Number of animals 

^ ! 

1 ^ 

; 3 

i ^ 1 

S 

■ 10 


Procedure. Cenucal sjnnpathectomies were done on one side in rats under 
morphine or ether anesthesia. In one series of experiments the cervical .s^'m- 
pathetic chain was tom preganglionicalh'. In a second series of experiments 
the superior cemcal ganglion itself was remo^•ed. In the rat this pear-shaped 
ganglion can easily be found medially and behind the bifurcation of the carotid 
artery if one gentry pulls the arteiy lateralh*. Operative hemorrhage i.s rare, 
and postoperative infection is exceedingl.v rare in spite of an unsterile technique, 
but with the application of sulfanilamide powder into the wound. 

Preganglionic .s.vmpathectomj' is without any significant effect on the number 
or rate of corneal mitoses. After removal of the superior cervical ganglion there 
is also no marked or consistent change in the number of mitoses (table 3). When, 
however, colchicine is used to deteimine mil otic rates after ganglionectom.v a 
marked and .“significant decrease Is found. This decrease comes on sharpl.v 
20 to 24 hours after ganglionectomj' and persists for a number of weeks thereafter. 
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The discrepancj' between the exiierimeuts with and without colchicine, that is, 
between the rate at which cells enter mitosis and the instantaneous number 
found at a particular moment, is readilj’’ accounted for if we assume that removal 
of the superior cervical ganglion not onh’ slows the rate of entrance into mitosis 
but also, and in apj)roximatel>' equal degree, slows the rate of progress tlu-ough 
the mitotic cycle. 

TVhen the cervical s.vmpathetic chain is interrupted either b)' iireganglionic 
section .or by removal of the superior cervical ganglion ocular symptoms, — 
miosis, ptosis, enophthalmos — become manifest almost immediatehx On the 
other hand the decline in mitotic activity following removal of the ganglion 
appeal's only after a lag of some 20 hours. This interval corresponds approxi- 
mately to the time required for nerve degeneration to produce a local l^per- 
sensitivity to epinephrine. Tlie quc.==tion arises, therefore, whether the decrease 
in mitotic activit>’ may be mereh' an evidence of local hypersensitivit}" to circu- 
lating epinephrine. Against this are the following arguments; 

1. The decreased mitotic activity was found to be just as great when extreme 
])reeautions were taken to a\'oid exciting the rats during the 4 hour interval 
between injection of colchicine and tlie end of the experiment. (The animals 
with these special precautions were the group “2 weeks” m table 3.) 2. If 
there Avere enough circulating epinephrine to produce an inhibition due to 
local hypei-sensitivity other local hypemensitiAuty reactions to epinephrine, 
e.g., dilatation of the pupil and AA'idening of the lid slit AA'ould also be expected 
to have occurred, but these Avere not found. 3. In none of the many epinephrine 
experiments reported aboA'C Iuia'C aa'c found evidence of a sloAving doAAii of the 
mitotic cycle, — only an inhibition of the onset of mitosis. Consequently it 
seems unlikely that the effect of remoA'al of the superior cerAUcal ganglion is to 
be explained a.s a hypersensitiA'ity reaction to circulating epinephrme. Rather 
it AA'ould seem that the operation has deprived the corneal tissues of some factor 
necessary for the maintenance of normal mitotic activity. This normal re- 
quirement cannot be sympathin since sympathin is lacking in the ocular tissues 
after preganglionic sjonpathectomy AA'hich is AA'ithout effect on the mitotic rate. 

This argument need not be taken as a denial of any relationship betAA'een 
mitotis decrease and hjqiersensitiAuty to epinephrine in the same tissue. Cannon 
and Rosenblueth ( 5 ) have pomted out. that the liA'persensitiAdtj' to epinephrme 
is not highty specific and that hypei-sensitiA'ity to some other drugs occure 
simultaneously in s3'’mpathectomized tissues. Kesselring ( 9 ) has found CAudence 
of decreased cellular permeabilitj' after sympatliectomA\ Decreased mitotic 
acth'ity and hjqrersensitivitA' to eiiincphrine maj’- therefore both be similarb^ 
dependent upon the complex results of denervation. 

General discussion. It is of interest AA'hether the mitotis inhibition bj' 
locall.y or s3’-stemicall3^ applied epineplu-ine and 63^ excitement is a general 


locally or s3’-stemicalty applieci epinepm-me aria 03'-' excitement is a general 


alumeu sections oiTnC ooile inarioA\’ una smltii mtesuiAe of Sortie animUrs lollOAATilg 
the administration of epinephrme. In the absence of satisfactor3' methods of 
mitosis assay on these organs our findings can have little significance. On the 
aA'erage there AA'ere fcAA'cr mitoses in these tissues than in normal controls, but 



694 


JOXAS S. FRIEDENWALD AND WILHELM BUSCHKE 


certainty no such profound inhibition of niitosi? as was found in the cornea. It 
is e\ident that various tissues react differentty to the mitotis inhibiting effect 
of epinephrine. 

von Haara and Cappel (10) reported that epinephrine in concentrations of 
from 10~® to 10“^ inhibits the gi-owth of tissue cultures of heart fibroblasts, as 
gauged by surface area measurements, and also decreases the mitotic index. 
The concentrations used in our systemic experiments fell within this range; 
computed for the bodjweight of the rats, thej* were between 2.5 X 1Q~® and 10“®, 
and considering the slow absorption of epinephrine in oil, it would appear that 
the active concentrations in the tissue were still somewhat loiver. The experi- 
ments of von Haam and Cappel show also that other tissues as well as the corneal 
epithelium are — at least under certain conditions — susceptible to the mitosis 
inhibition by epinephi-ine. 

The experiments on .s 3 Tnpathectomized rats were designed originalty as one 
test for the role of "neurotrophic” influences since the susceptibility of mitosis 
to epinephrine suggested the possibility of a sjunpathin-mediated growth-regu- 
lating effect. Much to our suiprise, sx^pathectom}’ did not produce an in- 
creased, but a decreased mitotic rate. 

SUMJL\RY 

1. Excitement or annoi^ance of rats, particularh^ Iw painful stimuli, diminishes 
the mitotic rate in their comeal epithelium. 

2. The decrease of mitotic rate caused by excitement is an adrenergic response 
and can be simulated bv local or s.vstemic application of epinephrine. Both 
ergotamin and nicotin diminish the mitosis inhibition following excitement. 
The effect of epinephrine is not due to a decrease in tissue temperature or to 
local circulatoiy disturbances. 

3. Removal of the superior cervical ganglion leads to a decreased mitotic 
rate in the rats’ corneal epithelium after a lag period of about 20 hours. It is 
suggested that this effect is attributable to the absence of some factor other than 
sjTnpathin which regulates mitotic activity in this tissue imder pty’siologieal 
conditions, and that this manifestation of denervation maj' be related to that of 
sensitization. 
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Proper evaluation of experimentally induced alterations in the components of 
the extracellular compartment is largelj^ dependent upon recognition of changes 
in blood volume partitions. It might be expected that such changes would occur 
during the process of noimal growth. Despite the common use of the laboratory 
rat in physiological, biochemical and nutritional experiments, alterations in its 
blood and plasma volumes have been, for the most part, ignored. Since the 
factors contributing to this omission are the scarcity of reported methods, their 
technical difficulties or inherent errors, the method described in this communica- 
tion is believed to be of value. Simple, multiple and relativel}’- accurate 
deteiminations are possible. 

Reported methods for deteimining plasma volume are of thi-ee tj^^es: 1, 
complete washing-out technique, originated b 3 ’^ Welcker (1858) (1), used bj’- Jollj’’ 
and Stini (1905) (2), by Chisholm (1911) (3), and recently modified by Cutting 
and Cutter (4); S, gasometric (CO) dilution method of Scott and Barcroft (5); 
and 8, the dye dilution method ori^ated by Keith, Rovmtree and Geraghty 
(6), fii-st applied to rats by Cartland and Koch (7), with subsequent modifications 
by Went and Drinker (8) and Griffith and Campbell (9). In each of these 
instances the dye Brilliant Vital red was used. The only available report in 
viiich the diazo blue d 5 ^e T-1824 has been used is that of Beckvith and 
Chanutin (10). 

"^^alues obtained bj" the methods noted above are summarized in table 1. We 
have obtained somewhat higher values for total blood volume and plasma volume 
in a series of thhiy-four male rats, approaching that range (8 to 10 per cent bod}’- 
weight) found in other animals and in man (11, 12, 13, 14 and 15). These values 
have been adjusted, at three different stages of growth, to both surface area and 
body weight. Apparentlj’-, large mature rats have relatively smaller unit blood 
volumes per unit mass than do small, maturing rats (7, 9). This phenomenon 
has not been noted in dogs or man (11). There is, howe^'er, an absolute increase 
of total blood and total and unit plasma volume in older, larger animals as was 
observed by Cutting and Cutter (4). 

IMethod. Young, weanling (40 gi'ams), Sherman strain rats Avere placed in 
individual cages and fed a sjmthetic, purified and presumably adequate diet 


composed of 

Sucrose • 73 per cent 

Casein (vitamin free) 18 per cent 

Phillips and Hart salt mi.xture IV 4 per cent 

Corn oil (Mazola) 5 per cent 


^ Aided in part by a grant from the William W. Wellington ^Memorial Fund. 
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■with the -water soluble vitamins, Bi (200 7), Ba (400 7), Be (200 7), niacin (2500 
7), calcium pantothenate (1500 7) and choline (100 mgm.) added per 100 grams 
ration. Supplementary feedings of the fat soluble \itamin concentrates haliver 
oil, viosterol and a-tocopherol were administered in appropriate amounts bj^ 
syringe per os biweekl}". Water was taken ad lib. The daily growth increment 
of 3 to 4 grams per day ma3' be considered normal for the strain and diet. Surface 
area was determined by Lee’s formula (16): 

Surface Area (cm.-) = 12,54 W'eight 

After one week on the experimental diet, arbitrarj’’ dbision into gi'oups was made. 

Group I — Composed of twelve animals, weighing 41.4 to 68.3 grams with 


TABLE 1 


AtriHOP- 

METHOD 

NTIIIBER 
0? RATS 
USED 

TOTAt. KLASilA 

FV/m CM* 

BIOOD VOLUME % 

Jolly and Stini 

Perfusion. 





4-5 cc. 

(1905) 

Chisliolm (1911) 

Perfusion 

25 




5. 3-7. 3 cc. 

Cutting and Cutter 

Perfusion 

25 

5.04- 5.46 — small rats 

1.4 cc. 


(1935) 



7.53-10.8 —large rats 



Barcrott (1924) 

CO 

24 




5.4-7.9 ce. 

Cartiand and Koch 

2% Brilliant vital 





6. 2-7 .7— small 

(192S) 

red 0.25 cc. — 
samples at 1.5- 
2.0 min. 





6.2-6.9— large 

Went and Drinker 

Brilliant vital red, 

9 




7.4% body weight 

(1929) 

samples at 4.5 
min. 






Griffith and Camp- 

5% Brilliant vital 





4.I-5.3 

belt (1037) 

red, samples at 
4.5 min. 






Beckwith and 

1% T-1S24 extra- 

53 

Complete data not 


2,71 ±.09 

7.9S ±0.85 

Chanutin (1941) 

polation 


available 



6.37 ±0.41/100 cm. 

Mctcofi and Favour 

0.1% T-1824 sam- 

34 

2,19-9.99 varies 


2.90 ±.09 varies 

Varies with mass 

(1944) 

pics at 3.75-4.25 


with surface 


with surface 

and amount of 


min. 


area 


area (age) 

fat 7.2-10.6% 
body weight 


surface area of 116.7 to 158.1 sq. cm. Plasma volumes- were determined after 2 
weeks on the experimental diet. 

Group II — Composed of nine animals whose plasma volumes were determined 
after 24 days on the experimental diet. They' w'eighed 73.3 to 89.1 grams with 
surface area equal to 165.1 to 185.5 sq. cm. 

Group III — Composed of nine animals from groups I and II (30 days having 
elapsed since the last plasma volume determination) and four animals from a 
previous group maintained on the same diet, under identical conditions, with a 
similar gi-owih increment. These rats weighed 137.2 to 335.8 grams with surface 
area equal to 240.4 to 413.1 sq, cm. 

- In addition to plasma volume, hemoglobin, hematocrit and total protein determinations 
v'cre made in each in.stancc to provide coincidental control data for an associated stud}’ to 
be reported at alaterdate. 
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Procedure. After being fasted for 4 hours, the rat is carefully weighed and 
then etherized, with minimal excitation, in a large, cotton-padded jar. Anesthe- 
sia is rriaintamed by means of drop ether and a small paper cone partiallj’’ packed 
with ether-moistened cotton. The cone, apphed over the snout, is held in situ bj’’ 
wire or a straight pin which penetrates it from side to side and is snagged behind 
the upper incisors. A fairly large-mouthed cone affords proper aeration and a 
drop or two of ether on it from time to time suffices to maintain an even plane of 
anesthesia. 

The animal is fastened to a board in such fashion that the anterior aspect of 
the neck is hyperextended. The area over the right or left external jugular is 
careful^ shaved from clavicle to mandible and a 1.5 cm. incision through the 
skin is made. The external jugular is readily exposed and divested of its sheath 
from its point of emergence in the supraclavicular space (jugular bulb) to its 
cephalad bifurcation. The dye is injected with a calibi’ated syringe adjusted to 
deliver between marks. This avoids “dead-space” errors. Two-tenths cubic 
centimeter of 0.1 per cent aqueous solution of T-1824^ is used in animals weighing 
less than 150 grams; 0.4 cc. in larger animals. The d}^ is injected through a no. 
26 needle inserted into the vein so that its point lies free within the jugular bulb. 
The dye may be observed as it enters and mixes with the blood stream. A time 
clock is started immediately upon completion of rapid injection, but the needle 
is not removed from the vein until 30 seconds have elapsed. There is no leakage. 
Three to 3.5 minutes are allowed for adequate mixing after which time 0.6 to 0.8 
cc. blood is obtained by heart puncture betAveen 3.75 and 4.25 minutes following 
injection. This blood is immediately transferred to shortened precipitin tubes 
containing 0.2 mgm. of liquid heparin Avhich had iDeen previouslj'^ evaporated to 
drjmess at 37°C. TAVo-hundredths cubic centimeter of blood is remoA’^ed AAdth a 
Sahli pipette and delteered into a graduated Klett tube containing 5 cc. distilled 
AA-ater . Hemoglobin and hematocrit estimations are to be made from this sample . 
The remainder of the blood is then centrifuged at 2500 r.p.m. for 30 minutes. 
The dj^ed plasma is remoA'^ed and kept in a stoppered tube at 8°C. — a small 
portion of the plasma remains trapped betAA'ecn the red blood cells (17, 18) and 
Avould contribute to the inaccuracy of the conA'entional hematocrit. Concen- 
tration of dj^e in the sample is ahA^ays measured before 24 hours have passed. 
The mortafit}’ of the operattee procedure is 2.5 per cent. Death, AA’hen obseiwed, 
results from traumatic heart puncture and subsequent cardiac tamponade. 

Determination of 'plasma volume. Any determination of plasma Amlurae by the 
dye dilution method is dependent upon seA’eral factors. These ai’e 1, the time 
required for complete mixing; 2, the rate of disappearance of the dye from the 
blood stream, and 3, the accuracj'' of the method used for measuring concentra- 
tion of the plasma diluted d 3 *e. In a method AA'hich attempts to estimate plasma 
A'olume from a single sample, that sample must contain a dilution of djm approxi- 
mating its initial concentration in the plasma. Tliis, m turn, is dependent upon 
the time required for mixing and the amount of dj-e lost during this period (19). 

’ We Avish to acknowledge the kindness of Dr. John G. Gibson, 2nd, AA’ho supplied us AA-ith 
the dye. 
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The concentration changes duiing the several minutes after injection afford the 
maximal source of error. Backward extrapolation of several samples obtained 
at different inten'als avoids this and, although subject to numerous errors, is 
feasible in the rat (10). Investigators differ, however, in deciding which 
particular .straight line should be drami through the time-concentration curve 
to indicate the initial concentration. It has been suggested that this difficulty 
is obviated if concentration is plotted against the square root of time (20). 
Gregersen, on the other hand, points out that the time-concentration curve is 
more precisely described as a logarithmic function, since the amount of dye 
escaping per unit time must be a constant fraction of the amount of dye remainiug 
(19). Reference to the dot diagram (fig. 1) in which the logarithm of the relative 
optical density (concentration) is plotted against time,- indicates that large dis- 
crepancies in apparent d.ye concentration may occur if blood is drarni before 1.5 
minutes have elapsed. No data are available for the rate of disappearance of 
T-1824 from the rat’s cuculation, but vital red is reported to leave this animal’s 
blood stream at approximately 11 to 12 per cent per hour (9). Since both dyes 
have a similar slow rate of disappearance (19), one may assume that T-1824 
concentration decreases at approximately 9 to 12 per cent per hour. This is 
slightly higher than the rate as reported in dogs. An arbitraiy sampling time of 
3.75 to 4.25 minutes probably reflects the initial dye concentration, and ±1 
minute would re.sult in an error of ±0.1 per cent in total plasma volume where 
200 7 of dye are injected. 

The dye is non-toxic and does not pass the glomeralar membrane, but is 
removed by the liver (via the bile) and by reticulo-endothelial cell activity and 
storage (21, 22). In dogs it appears in the IjTOph within 1 hour (23). T-1824 is 
firmly bound to the allmmin fraction and usually migrates with it in the electro- 
phoretic field (24). Although 0.4 to 1.4 mgm. of protein per 12 hours per 100 
sq. cm. body surface is excreted in the urine of the rat, this protein may be of 
genital, not renal, origin (25). 

E&limaiion of Mai blood volume. Estimation of the total blood volume is 
dependent upon an accurate estimation of the cell volume. A conventional 
hematocrit determination requires too much blood, and the several procedures 
evolved to obviate this difficulty are either complicated or prone to error. 
-'Vshworth and Tigertt (26) and Brown (27) have shown that accurate estimations 
of cell volume and hemoglobin concentration could be made from the specific 
gravities of whole blood and plasma, since the weight of 100 cc. of blood is a 
function of the sum of the weights of its cells and plasma. Formulae for calcu- 
lation are based upon the assumption that cell gravity and hemoglobin concen- 
trations within the cells are nearly constant or that changes in cell gravity and 
cell hemoglobin are usually parallel. Utilizing this constant, determined by 
conventional centrifugation, 


Hematocrit = 100 X 


Gravit 3 '' blood — Gravity plasma 
1,0970 — Gravity plasma 


a gravometric procedure .‘^uch as this would require at least 0.3 cc. of blood, 1 an 
Slyke et al, ('28) point out in their monograph that if the hemoglobin con- 
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centration of the cells is fairly constant, as is their gravity, one may substitute 
the O 2 capacity found per 100 cc. of cells in the above equation and thereby 
calculate hemoglobin in terms of O 2 capacity. Bernliart and Skeggs (29) have 
shoATO that 1 gram of hemoglobin binds 1.36 cc. O 2 ; therefore, 

O 2 capacitv , , , . 

-i— — ^ = gram hemoglobin. 

1.36 

Ihu Slyke et al. determined that the O 2 capacity of hemoglobin per 100 cc. of 
cells is 46.1 in man — alienee 


Hemoglobin (gi'ams/100 cc.) = 33.9 X 


Gravity blood — Gravity plasma 
1.0970 — Gravit}’- plasma 


The similarity of these equations for hemoglobin and hematocrit estimation is 
evident, and if the assumptions made are valid in the rat, knovung the A’alue for 
hemoglobin in gram per 100 cc., the cell volume may be estimated by substitution, 
where : 


Gravity blood 


and 


Gravity plasma _ Hemoglobin (grams per cent) 

33^9 


1.0970 — Gravity plasma 

Gravity blood — Gravity plasma 


Hematocrit = 100 X 


1.0970 — Gravity plasma 


Hematocrit = 


Hemoglobin X 100 

33 ^ 9 ^ 

Hematocrit = 2.95 X Hemoglobin 


or 


Hemoglobin determinations are easily made using the photoelectric colorimeter 
with a filter having maximal absorption at 540 jujit. 

These deteiminations requhe only 0.02 cc. of whole blood (diluted in 5 cc. dis- 
tilled Avater). The presence of dye in the plasma does not interfere appreciably 
AA’ith the hemoglobin determinations. 

Cell Amlumes estimated in this fashion compare favorably in the rat, as the}’- 
do in man and dogs, to those obtained bj’’ conventional centrifugation. The 
error is ±0.4 per cent. Calculation, using this method, of mean hematocrit 
values from the data on seventy-three rats reported b3’' Wintrobe, Shuraacker 
and Schmidt (30) , agrees quite aa'cII AA'ith then observed values.^ Although calcula- 
tions are based upon NeAA'comber hemoglobin determinations as reported, the 
error betAA^een observed and calculated results is only 2.5 per cent. 

Standardization. Dj^e dilution methods require that standards of knoAA'n dye 
concentration be prepared for comparison AA'ith the unknoAAoi. When the photo- 
electric colorimeter is used, it is necessaiy to knoAA" onl 3 ’' the relatwe optical 
densities of knoAA'n concentrations of d3^e from AA'hich the factor of the filter may 
be calculated. The relative optical density and dilution of the dye in the un- 
ImoAA'n plasma sample may then be determined. Standardization (determina- 

' Hemoglobin (NeAA'comber) = 13 ± O.OS <r == 1.17. 

Hemotocrit (conventional, obserA-ed) = 39.4 ± 0.23 <r = 3.62. 

Hematocrit (calculated) = 38.4. Error = 2.5 per cent. 
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tion of the factor F) should be made at a range approximating that of the un- 
known and two standards 

Si — 50 7 dye /cc. 

Sn = 1007d5’-e/cc. 


have been quite satisfactoiy. S/ is prepared by delivering 0.1 cc. of 0.1 per cent 
dye (100 7) from a carefully calibrated delivery pipette into 1.80 cc. of 0.85 per 
cent saline contained in a lOett microtube. To this is added 0.1 cc. of undyed 
control rat plasma for a total of 2.0 cc. S/j is prepared in similar fashion, except 
that 0.2 cc. (200 7) dye and 1.70 cc. of saline with 0.1 cc. of plasma are used. A 
plasma blank containing 0.1 cc. plasma plus 1.90 cc. saline is prepared for every 
series of deteiminations. The relative optical densities of these known d3'e 
concentrations are measured with a color filter transmitting light in the region of 
620fin. This is the band of maximal absorption for the dj^'e T-1824. Transmis- 
sion .spectra of oxyhemoglobin are maximallj* absorbed at a w'ave length of BiOfiji 
and therefore slight hemolysis does not significantly interfere (31). The un- 
knowTi is prepared bj^ delivering 0.10 cc. of the d3'ed plasma sample into 1.90 cc. 
of 0.85 per cent saline in the microtube. All pipettings must be made with great 
accuracy from calibrated standardized deliveiy pipettes. 

Calculaiions. For the Klett-Summerson photoelectric colorimeter: 

Concentration d3'e = Reading ( = Relative optical density) X Factor. Know- 
ing both the concentrations and relative optical densities of Sj and Sn the value 
of factor F may be determined. The value so obtained w'ill vary slightly from 
instrument to instmment. The average value of F derived from the relative 
optical densities of 10 standards Sj and Sn was found to be 1.097. Using thi.s 
factor, total plasma volume in cubic centimeters may be calculated directly 
according to the formula,® 


py _ Concentration of dye injected 

Total (cc.) (Relative optical density) (Factor) 

PV - 200 

or, w'here 400 7 dye injected 
400 

F(1.097) 

Total blood volume is calculated according to tlie formula: 


BVr = 


PVr 

100 - m : 


Total cell volume, 

CV = BVt - PVr. 

* We tfish to e.xprces our appreciation to Dr. Otto Sclialc-S’ for valu-abie assistance in the 
derivation of these formulae as they apply to the Ivlett. 
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Values obtained for total plasma volume (PFr) and total blood volume (BVt) 
are adjusted to unit plasma volume (PF/100 cm.-S.A.), and BV/pev cent body 
weight. In the latter instance, 

BY per cent b.w. = BF/100 grams X 1.06, 

where 1.06 represents the specific gi-avity of adult rat whole blood. In jmung 
rats (less than 100 grams) this factor is 1.05. 

TABLE 2 

Relation of relative plasma optical density/200 y dye, surface area, and time of sampling 


SrarACE AREA (csi’) 


TIME 

120-1S9 

160-219 

220-299 

300+ 


R 

nm 

Log. 

R 

RiF) 

Log. 

R 

R(F) 

Log. 

R 

R(F) 

Log. 

minutes 






1 


■I 





1 - 1.5 

34.8 

37.1 

1.569 




17.5 


1 . 283 ' 





21.8 

23.9 

1.378 


1 

! 









21.8 

23.9 

1.378 





■ 





2 




• 



25 

27.4 ’ 

1.438 




2.75 





1 

1 


16.5 

17.1 












40.0 

43.8 












26.0 

28.5 

1.455 




3 . 5 - 4.5 ' 

62 


1.833 

41 

44.9 

1.652 

27 

29.6 


25 

27.4 

1.438 


51 

55.9 

1.747 

35 

38.3 

1 . 583 i 

20 

21.9 

1.340 

IS 

19.7 

1.255 


81 

88.8 

1.948 

30 

32.9 

1.517 

35 

38.3 

1.583 

20 

21.9 

1.340 


42 

46.0 

1.663 

39 

42.7 

1 . 630 ' 

25 

27.4 

1.438 

21 

23.0 

1.322 


60 

65.8 

1.818 

36 

39.4 

1.596 

19 

20.8 

1.279 





58 

63.5 

1.803 

30 

32.9 

1.517 

20 

21.9 

1.340 





65 

71.2 

1.853 

39 

42.7 

1.630 

27 

29.6 

1.471 





74 

81.0 

1.909 

36 

39.4 

1.596 








73 

80.0 

1.903 

29 

31.8 

1.462 







0.5 

60 

65.8 

1.818 


1 








6 + 

68 

t 

74.5 

1.833 



1 


1 




i 


Where : 

R = Relative optical density /200 y dye injected, 
F = 1.097. 


Observations. Relation of relative optical densities to time of sampling and 
surface area is noted in table 2, and depicted graphically in the dot diagi-am, 
figure 1. It will be noted that comparatively good grouping of relative optical 
densities according to size is obtained between 3 to 5 minutes. There is gi-eater 
variation if samples are obtained earlier, being most' marked if obtained within 
1 .5 minutes after dye injection. This represents inadequate mixing. Three to 5 
minutes, therefore, probably represent the time of complete mixing.. It is un- 
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likely that an appreciable amount of the dye would escape from the plasma during 
tliis interval. The data on blood and plasma volumes are contained in table 3, 
and graphically illustrated in figures 3 and 4. The differences between the mean 
values for the various blood partitions in the different weight groups is quite 
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Fig. 1. Comparison of the relative optical density caused by dilution of the dye in the 
plasma of the three different sized groups of animals in relation to the time at which the 
plasma sample was obtained. 

Fig. 2. Distribution of the observed total and unit plasma volume observations in thirty- 
four animals according to weight and surface area. 

Fig. 3. Cornparison of the mean values obtained for the various blood volume partitions 
in the three different sized animals. 

Fig. 4. A diagrammatic representation of the changes observed in the various blood 
volume partitions as the animal increases in size. The total blood volume is the sum of 
the total plasma and cell volumes. A line representing 9 per cent of body weight has been 
drawn in order that the total blood volume may be compared with it. 


apparent. Figure 2 is a dot diagi-am showing distribution of total and unit 
plasma volumes relative to body weight and surface area. Probable significance 
of the difference between the unit plasma volume and per cent body weight means 
of groups I, II and III were detei-mined according to the method of small number 

.nnnlvRiR iSy.i • 
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Discussion. Inspection of the data in table 3 indicates, as would be expected, 
that total plasma, cell and blood volumes are related to body size. This relation- 
ship is not linear. It is interesting, however, that unit plasma volume (cc./lOO 
cm.®) attains its maximal value in adolescent 70 to 90 gram rats (gi’oup II). 
Application of the “t-test” (32) indicates that the observed increases are probably 
significant. The apparent decrease in unit plasma volume of group III is not 
statistically significant.® 

Consideration of total blood volumes as constituting a given percentage of body 
weight has been subjected to much valid criticism by most workers. Despite 
these objections, and since much of the existing literature on blood volumes has 
been reported on such a basis, these values were calculated. A significant 
difference was found to e.xist between the blood volumes, expressed as per cent 
of bod}'- weight, in each of the three giuiips of rats.^ Group II would appear to 
contain more blood per cent of mass than either of the other groups. This ob- 
servation is of some interest in view of the fact that 70 to 90 gram groudng rats 
are pubescent. Die data for children suggest the transient occurrence of a simi- 
lar event (13). It is quite possible, however, that the expression of blood volume 
per cent body weight in the largest animals errs because of the largerproportion 
of body fat to total mass, as pointed out in dogs (11) and humans (33). Such an 
error would result in an apparently low value. A minimal increase of cell volume 
relative to total blood volume is noted in group II (37.3:38.8 per cent — 1.5 per 
cent more than group I). In the interval lietween the periods of groivth repre- 
sented by groups II and III, the cell volume attains its adult relationship to the 
total volume — increasing 5 to G per cent over the previousl}’’ observed values. It 
would appear to attain its maximal unit volume later than does the plasma. 

It is evident from the progressive changes in the data of gi’oups I, II and HI 
that it is neither logical nor -valid to offer a single expression for total or unit 
blood, cell or plasma volumes. The relation.ship of that expressed value to body 
size and the approximate stage of gi’owth — ^jmung, pubescent or mature — should 
be specified. 

Comparison of the results obtained uith the previous available data on volume 
studies in the rat is difficult owing to the inadequac}"- of published data. In 
general it maj’- be stated that the values herein reported for total blood and plasma 
volumes agree with those reported by Cutting and Cutter, and Beckwith and 
Chanutin. The mean unit plasma volume of the entire group, although it is 
probably inaccurate to express such a value, agrees favorabi}" with that reported 
by Beckwith and Chanutin, also using T-1824. The low value of Cutting and 

' a- difference of mean unit TFii and PVm == ± 0.495, t = 0.33, n = 21, and P = less 
than 0.70; therefore not significant. 

o- difference of mean unit PVi and PYiu = ± 0.425 , 1 — 2.93, n — 23, and P - less than 
0.01; therefore probably highly significant. 

’ <r= difference of BV per cent I and II = ± 1.92 , 1 - 280, n = 19, and P = less thnn^.02; 
therefore significant. <r= difference of BV per cent II and III == ± 2.46, I = 5.50, n — 20, 
and P = le.ss than 0.01 ; therefore significant. 

cr’ difference of PFper cent I and III = ± 2.55, i — 2.98; n = 23, and P == Ies.s than 0.0 , 
therefore .significant. 
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Cutter may be dependent upon their method of computing surface area. Ex- 
pressed as per cent of bodj’’ weight, the present data agree quite well with those of 
Beckwith and Chanutin, Went and Drinker, and those reported in other species 
(dog, man). They are somewhat higher than those reported by other wmrkers 
measuring rat blood volumes. 

The washout and gasometric techniques preclude a chronic experiment. Use 
of a red dye involves a definite subjective error in ordinary colorimetric analysis, 
plus an attendant hidden error resulting from hemotysis. The extrapolation 
method using T-1824 wmuld appear to yield excellent results, but is someAvhat 
cumbersome and requhes a rather large amount of total blood. The apparently 
small amount, 0.2 cc., required at each bleeding may after several withdrawals 
produce a significant change in the extravascular and plasma partitions in an 
endeavor to maintain homeostasis. Extrapolation methods, especially in small 
animals, may measure an indeteiminate portion of Ijunph volume in addition to 
plasma volume (34). 

SumjSLary. The scarcity of adequate available complete data on blood and 
plasma volume in the rat prompted this investigation. Plasma dilution of the 
diazo blue dye T-1824 seemed to offer the best method, at the present time, for 
detemiining these values Avith any degree of accuracy. This method has an 
obvious advantage in chronic experiments where repeated determinations are 
desirable. A single small sample of plasma diluted dye was obtained bj’’ heart 
puncture. From it, using the Klett-Summerson photoelectric colorimeter, 
plasma, blood, and cell volumes Avere determined in thirty-four male rats. A 
ncAV method, Avhich may possibly be of some Aalue, Avas suggested to deteimine 
cell Amlume per 100 cc. (hematocrit). It is necessary in rats, as in other animals, 
to consider the blood Amlume partitions in relation to bod.y size and the stage of 
groAvth. 

CONCLUSIONS 

No definite conclusions may be draAAm from data derived from a relatively 
small number of observations; howcAar, the folloArfng suggestions may be made: 

1. Use of the diazo blue dye T-1824, the photoelectric colorimeter, and a single 
sample technique afford a relatively accurate and simple method for determining 
jilasma Amlume in the rat. 

2. Cell volume per 100 cc. blood (hematocrit) may be estimated from the 
hemoglobin concentration. 

3. A significant increase in total blood, plasma and cell Amlumes is associated 
Avith groAvth and change in body size. This increase is not linear. 

4. A significant increase in unit plasma A'olume (cc./lOO cm.=) also appeai-s to 
be associated Avith apparent^* normal groAUh. 

5. Unit plasma volume attains its maximal value in 70 to 90 grams pubescent 
rats; unit cell Amliime, in larger more mature animals. 

G. SeAnnty to 90 gi-ams gi-oAAing rats AA'ould appear to have larger unit blood 
volumes (expressed as per cent body weight) than either smaller or larger rats. 
This actually may not be the case, since larger animals haA’e more body fat. 
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7. The trend and relative range of these observations are similar to those 
observed in dogs and children. 
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Since Goldblatt and his co-workers showed that partial occlusion of the renal 
arteries in dogs (1), monlceys (2) and other species (3) may result in permanent 
arterial hypertension, the mechanism of this hypertension has been elucidated 
by many investigators. Their work has shown that the appearance of this 
phenomenon is not dependent on the nervous sj'stem or the endocrine system 
(with the possible exception of the adrenal cortex), but is due to a disturbance of 
a humoral mechanism in the kidney. Admirable reviews of the evidence leading 
to this conclusion have been presented bj'’ Lewis and Goldblatt (4), Page (6) 
and Braun-Menendez (6). 

On the other hand certain observations are difficult to reconcile with the ac- 
cepted view that the hj’^pertension induced by renal “ischemia” is maintained 
by the renal pressor system. 

The observations of Taggart and Drury (7) on the similarities of the responses 
of normal and hypertensive i-abbits to renin, and their conclusion that some 
other factor than renin is involved in the maintenance of hypertension, have 
never been satisfactorily explained. Dock’s finding that normal and hyper- 
tensive rabbits show similar low blood pressures after pithing (8) implicates 
a nervous rather than a humoral mechanism. The effects of unilateral nephrec- 
tomy on single ischemic kidneys in hypertensive rats have been investigated by 
three groups of Avorkers (9), (10), (11). All of these report that in the ma- 
jority of cases the blood pressure is not lowered by nephrectomy. Patton, 
Page and Ogden (9) have succeeded in establishing an inverse relationship 
between the duration of the hj^Dertension and the lowering of the blood pressure 
by unilateral nephrectomy. Even bilateral nephrectomy fails to lower the 
blood pressure of chi-onicall.y hyiDertensive rats (12), (13). 

The critical experiment in support of the humoral theory of hypertension — 
the demonstration of an alteration in the elements of the humoral system 
in the hypertensive animal — has yielded contradictory results in the hands 
of several investigators. Using similar techniques some workers (14), (15), 
(16) have found pressor substances in the blood of hypertensive animals, while 
others (17), (18), (19) have not. Unfortunately in these experiments the factor 
of the duration of hypertension is rarely discussed. 

Some of these difficulties and inconsistencies may be resolved by modifying 
the purely humoral theory of hypertension with the concept that the mechanism 
of hypertension changes qualitatively with time. Thus a hypertension originallv 

^Present address: Medical Branch U. of Texas, Galveston. 
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precipitated by a disturbance in the renal pressor mechanism might persist 
after the disturbance had been removed as the result of alterations in the neuro- 
vascular set (Dock). 

The nervous .S 3 'stcm has apparentl.y been exonerated in renal hj^pertension 
(see the reviews cited). On the other hand the interpretation of the fact that 
hypertension can be maintained in animals after nein'e section and removal must 
be carefullj" re-evaluated in view of the fact that nervous control over peripheral 
vessels has been shomi to return vith extraordinarj' rapidity (20), after sj’m- 
pathectomy, and that even undoubted neurogenic hj'pertension produced by 
moderator neiwe section is only temporarily abolished b}' complete sj'mpathcc- 
tomy (21). 

In the pr&sent experiments we have reinvestigated the role of the nen-ous 
.s.ystem in the maintenance of h 3 ’'pertension, using the rat as the experimental 
animal. The brief life span of this species afforded the possibiIit 3 ' that whatever 
changes occurred in the mechanism of h 3 'pertension would be accelerated, and 
the evidence alread 3 ’' cited that unilateral and bilateral nephrectom 3 " fail to lower 
the blood pressure of rats h 3 T)ertensive for more than two months to normal 
levels afforded a convenient reference point in time for the study of changes in 
the mechanism of h 3 ’per tension. 

Methods. Rats were made h 3 'pertensivc b 3 ’ partial unilateral occlusion of 
the renal arteiy according to the method of Wilson and B 3 'rom (22). S 3 'stolic 
blood procure was measured with the tail plethysmograph of Williams, Harrison 
and Grollman (23) and no rat was considered h 3 'pei’tensive unless it had main- 
tained an average blood pressure of 150 mm. Hg or more before use. All noimal 
controls w'ere from the same stock and of about the same age as the hy’Tpertensives. 

After h 3 ’-pertension had been maintained for one day to four months, the effects 
of the following substances on the blood pressure were determined: nembutal, 
40 ragm. per kilo; nembutal, 20 mgm. per kilo; nembutal, 40 mgm./kilo and 
picrotoxin, 4.5 mgm. per kilo administered together; 3 ’ohimbine h 3 ’'drochloridc, 
3.0 mgm. per kilo. All substances were administered intraperitoneally. 

Findings. The findings are summarized in table 1. 

Nembutal anesthesia. Nembutal (40 mgm. per kilo) was injected intrapcri- 
tonealb'. The pressure was taken just before and 15 to 30 minutes after the 
injection. The degree of anesthesia Avas determined by attempting to elicit 
corneal, pain and righting reflexes. Anesthesia was considered to exist when the 
righting and pain reflexes were absent. In the doses used, nembutal caused the 
disappearance of the corneal reflex onb^ inconsistentb'. 

Nembutal anesthesia Imvers the blood pressure of chronically hypertensive rats 
(expL 1) but does not affect that of rats recently made hypertensive (expL 2) or of 
normal rats (expt. 3). 

Nembidal without anesthesia. To control anA* effect of nembutal other than 
its anesthetic effects, animals AA'ere treated A\'ith non-anesthetic doses of nembutal 
(20 mgm. per kilo), or Avith full anesthetic doses of nembutal (40 mgm. per kilo) 
after fortification of the animal against the anesthetic effect Ija' the administraf ion 
of the central nervous stimulant picrotoxin. The most satisfactorA' proportions 
and methods of administration of the nembutal-picrotoxin combination a\ ere 
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as follows: 3.0 mgm. of picrotoxin per Idlo were iniected iiitraperitonealljL As 
soon as intermittent comnilsions had begun (about 10 min.), the blood pressure 
was taken between comailsions, and the animals were reinjected ivith 1.5 mgm. 
picrotoxin and 40 mgm. nembutal per kilo. After 15 minutes the stage of an- 
esthesia was determined and the blood pressure taken again. Even with these 
proportions anesthesia was prevented in only half the animals used, and only 
these are considered in this report. Animals which yielded to anesthesia re- 
sponded just as those anesthetized vdthout picrotoxin, but these are not included 
in the data. Larger doses of picrotoxin were not used as the convulsions were 
often fatal. 


TABLE 1 


The response of the systolic pressure of normal rats and of early and late hypertensives to 

nembutal, picrotoxin and yohimbine 


EX- 

PERI- 

MENT 

NO. 

TREATMENT DOSES 

mgm./kieo 

TYPE 

or 

ANI- 

MAL 

REMARKS 

1 

I MEAN 
! BE- 
rORE 

MEAN 

AFTER 

differ- 

ence 

OF 

MEANS 

RANGE or 
INDIVIDUAL 
DIFFERENCE 

1 

NUM- 
BER OF 
ANI- 
MALS 

1 

40 N 

L 

Anesthetized 

169 

115 

-54 

-104 to -22 

24 

2 

40 N 

E 

Anesthetized 

151 

145 

-6 

— 24 to 4-43 

25 

3 

40 N 

C 

Anesthetized 

119 

113 

-6 

-23 to 4-14 : 

12 

4 

20 N 

L 

Non -anesthetic dose 

I 175 

163 

-12 

-23 to 4-1 * 

5 

5 

40 N 

L 

1 

Resistant to anes- 
thesia 

176 

1 

160 

-16 

-18 to -6 

5 

6 

3P 

C 

Convulsions 

123 

127 

-b4 

-8 to 4-11 

7 

7 

4.5 P -b 40 N 

C 

Quiet but all reflexes 
present 

, 127 

120 

-7 

1 -12 to 4-4 

7 

8 

3 P 

L 

Convulsions 

168 

177 

+9 

4-3 to 4-15 

9 

9 

4.5 P -b 40 N 

L 

Quiet but all reflexes 
present 

177 

170 

1 

-7 

-20 to -1 

9 

10 

3 Y 

L 


161 

135 

-26 

-45 to -13 

20 

11 

3 Y 

C 


120 

127 

+7 

-1 to 4-15 

12 

12 

3 Y 

E 

1 

152 

153 

+1 

-22 to 4-11 

12 

1 


Col. 2: N, nembutal; P, picrotoxin; Y, yohimbine lij’^drochloride. 

Col. 3: C, normal control animals; E, early hypertensives (less than two weeks); L, 
late hypertensives (more than two months). 


In some cases full anesthetic doses of nembutal failed to produce anesthesia 
in h3''pertensive rats for unknown reasons, and the results on these animals are 
reported separate^ (expt. 5). 

Nembutal does not lower the blood pressure of hypertensive rats even of long 
standing, unless it causes anesthesia. Experiment 4 shows the effect of small 
doses, experiment 5 the effect of full doses in anesthesia-resistant rats. The 
effects of picrotoxin in counter-anesthetic doses in preventing the lowering of 
blood pressure which nembutal produces in chronically h3TDertensive rats (exp. 9) 
cannot be due to a direct pressor action, for it is not pressor in normal animals 
(expt. 6) and only slightly so in chronically hypertensive animals (expt. 8). The 
results of experiment 7 indicate that the picrotoxin-nembutal combination is 
without important effect on the blood pressure of noi-mal rats. 
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Yohimbine hydrochloride. ■ Yohimbine was injected intraperitoneally as the 
hydrochloride at a dose of 3.0 mgm. per kilo in several experiments. Yohimbine 
does not affect the rise in blood pressure caused by angiotonin (24), the active 
agent in the renal pressor system. On the other hand the sympatholytic and 
adrenolytic actions of the drug appear to have been proved (25-28). Solutions 
of yohimbine hydrochloride (Merck) were made up just before use, as the drug 
is unstable in solution. Blood pre-ssures were taken immediately before and 
30 to 60 minutes after the injection. In a preliminary investigation we found 
that the maximum blood pressure effect of xmhimbine in the hypertensive rat 
was exerted at this time, although some effect persists for 4 hours. Yohimbine 
hydrochloride lowers the blood pressure of hypertensive rats of long standing (expt. 10); 
the blood pressure of recently hypertensive animals is unaffected by the drug (expt. 11); 
and the blood pressure of normal rats shows a slight elevation (expt. IB). 

Discussion. There is great significance in the fact that two such different 
substances as nembutal and yohimbine should both serve to distinguish between 
new and long-standing renal hypertension. 

The similar values for blood pressure obtained by Sehroeder (29) using nem- 
butal anesthesia and Williams, Harrison and Grollman (23) using conscious 
animals, indicate that nembutal anesthesia docs not influence the blood pressure 
of normal rats. Our results ara in accord with these findings; Sehroeder (29) 
reported hj’pertensive blood pressure levels in recentlj'’ h3T3ertensive rats under 
nembutal anesthesia, but most values were obtained on animals hypertensive 
for periods less than 40 days. This supports our obseiwation that earl}'^ hjT3er- 
tension is unaffected b}' nembutal anesthesia. Page (30) has concluded that 
the blood pressure of lypertensive dogs (duration not stated) is altered unpre- 
dictabl}'' b}"" anesthesia. It is our belief that the variability in this response is 
related to the duration of hjTier tension. Dock (8) has likeirise observed a fall 
in the blood pressure of hypertensive rabbits after urethane anesthesia, but the 
dui'ation of the hypertension is not stated. 

Three hypotheses suggest themselves as possible explanations of the effects 
of nembutal anesthesia on the blood pressure of rats with long-standing renal 
hyperteasion. The effect maj" be exerted on 1, some part of a purely humoral 
mechanism; 2, a neurological mechanism modif3dng the effect of the humoral 
mechanism; 3, a purely neurogenic mechanism which ma3'' be solely or large 3^ 
respoasible for maintaining h3T)ertension initiated b3" the humoral renal piessoi 
S3’stem. . . _ 

1, Does nembutal anesthesia affect the secretion, chemical composition 01 

action of the renal pressor substance? Assuming that the renin ^ 

strate — angiotonin S3'Stom as currently conceived is the only hurnora s3 s em 
involved, the answer must be “no” since the .secretion of renin an response o 
angiotonin occur in the nembutalized animal after partial occlusion o ic icna 
artery (14) and hemorrhage (31); moreover, the sensitivity of normal and nem- 
butalized animals to renin and angiotonin is the same (30). Furt leimoie, as 
just shown, nembutal in the absence of anesthesia does not ovei le ) ooc 

pressure of h3'pertensivc rats of long standing. 

2. Does nembutal anesthesia depress a nervous mechanism vine 1 mam aii.^ 
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normal vascular responses to the humoral agents responsible for renal hyper- 
tension? Again the ansu'er must be “no,” in view of the above mentioned equal 
responses of normal and nembutalized animals to renin and angiotonin. Further 
evidence is the fact that (skillful) pithing actuall}’’ increases the response to 
angiotonin (32). Also the blood pressure of rats in early hypertension is unaf- 
fected by nembutal anesthesia (table 1, Experiment 2). 

3. There remains the third possibility that nembutal lowers the blood pressure 
of hypertensive rats of long standing by depressing a purely nervous mechanism 
involved in its maintenance. The effects of yohimbine lend support to this 
view. If a nervous mechanism is involved in the maintenance of long-standing 
hypertension, then its efferent pathway is presumably the sjmpathetic nervous 
system, and the sympatholytic action of yohimbine should cause a lowering of 
blood pressure. 

Unfortunately, the action of yoliimbine is complicated by the fact that it is 
also a central stimulant and has a pressor effect in unanesthetized animals (33). 
Thus the final effect of yohimbine will depend on the balance between its pressor 
and depressor effects. 

In the normal rat the pressor effect predominates, and so sympathetic tone 
may be presumed to be low. On the other hand, there is a marked depressor 
effect in the hypertensive animal of long standing, a fact which indicates that 
sympathetic tone is high. The lack of effect on recently hypertensive rats indi- 
cates that the gi'eatest part of the hypertension is maintained by'’ a non-sym- 
pathetic (renal?) mechanism, although some augmentation of sympathetic tone 
may already have occurred (failure of yohimbine to exert a pressor effect). 

The findings of Gregory, Lindley'" and Levene (34) that spinal anesthesia lowers 
the blood pressure of human beings with essential hypertension to the same level 
as that of normals suggest that human essential hypertension is neurogenic leather 
than nephrogenic, and that it is more closely related to the hypertension which 
we have observed in our renally’- hypertensive rats of long standing than to early’’ 
hyqiertension of renal origin in animals. 

Conclusions. Hypertension, precipitated in the rat by interference with 
the artei’ial circulation to the kidney’, results from a disturbance in the renal 
pressor system. This mechanism maintains hypertension for some period during 
which neurocirculatory alterations leading to a new “set” for vasomotor tone 
occur. 

Removal of the precipitating factor at this point (nephrectomy, atrophy of the 
affected kidney, or development of accessory circulation) does not affect the 
hypertension which is now maintained by’’ a nervous mechanism. 

SUIUM.A.RY 

Sixty rats made hypertensive by partial ligation of one renal artery and thirty^ 
normal rats were subjected in twelve experiments summarized in table 1 to 
vaiying doses of nembutal, nembutal and picrotoxin, and ymhimbine. All pres- 
sure measurements were made vdth the tail plethysmograph. 

Nembutal anesthesia does not affect the blood pressure of normal or recently 
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lijrpertensive rats, but lowers the blood pressure of liypertensh'e rats of long 
standing. 

NemlDutal does not lower the blood pressure of any hypertensive rats, even 
those of long standing, except when it produces anesthesia. 

Yohimbine hydrochloride, a sjmipatholytic agent, lowers the blood pressure 
of hypertensive rats of long standing, but does not affect the blood pressure of 
recentty hypertensive rats, and ma}’^ cause a slight elevjition in the blood pressure 
of noiTnal rats. New and old-established experimental renal hypertension maj’- 
be clearly differentiated by these phannacologieal tests. 

It is suggested that the renal pressor mechanism which initiates experimental 
renal hjT3ertension is later superseded by a ncui'ogenic mechanism mediated 
through the S3"mpathetic nervous system. 
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A 5 per cent solution of ossein gelatin in 0.9 per cent saline serves as an efficient 
plasma substitute in certain tyjies of shock characterized primarily by loss of 
blood plasma. For example, gelatin is highly effective in prc\’-enting the shock 
vhich follo^YS release of tight limb tourniquets, providing it is administered as a 
series of small intermittent infusions over a period of hours. Likevdse it is 
efficacious in maintaining the circulation and preventing the onset of shock when 
the Duncan-Blalock leg press is removed (1, 2, 3). In the shock which follows 
both of these procedures, severe plasma loss into the area of injury is apparently 
the primary cause of the Ioaa* blood pressure and eventual circulatory failure. 

However, one type of shock studied in this laboratory, i.e., that induced by 
traumatizing the thigh muscles with numerous blows of a light rawhide mallet, 
was found to be no more responsive to gelatin infusions than to equal quantities 
of the saline in which the gelatin is dissolved (1). Shock resulting from this 
type of Imib trauma differs from that following release of tourniquets or a leg 
press in that whole blood and not plasma alone is lost into the injured area. A 
nervous factor is also present and seems to play an important r61e (4). In view 
of the difference in responsiveness to gelatin infusions exhibited by animals 
shocked by these various procedures, it Avas decided to study further the effect 
of plasma .substitutes on shock induced by a combination of the two factors: 
Avhole blood loss and severe muscle injury. 

The procedure finally adopted for producing shock Avas by gun .shot injury 
to muscle masses of the hind limbs of deeply anesthetized dogs. A uniform 
and effective method AA'as CA-entually devised AA’hich almost invariably induced 
fatal shock in untreated animals; hoAA'eA'er, the shock Avas reA’crsible in that it 
'vould readily respond to appropriate therapeutic measures. The simplicity of 
the procedure and uniformity of results obtained led us to bolieA’e that the 
method might be of interest to students of the shock problem, and for t his reason 
it Avill be described in detail. 

A Winchester model 67, single shot, smooth bore 0.22 Iqng rifle Avas employed. 
This type of gun is especially used for miniature trap and skeet shooting. The 
shells, each containing 120 to 125 fine lead shot, are manufactured by the Rem- 
ington Arms Company of Bridgeport, Connecticut. Each of the lead pellets 
measures approximately 1.2 mm. in diameter. It is essential, if uniform results 

AT.' to acknowledge our indebtedness to the Upjohn Company of Kalamazoo, 
i licliigan, for proAdding funds to defray a part of the expenses of this investigation and for 
generous supplies of specially prepared gelatin. 

■ Upjohn Research FelloAv. 
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are to be obtained, that only 0.22 long range, high speed shot shells be used. Shells 
merely designated as 0.22 long shot shells proved unsatisfactory for producing 
shock owing to lack of penetrating power. According to the manufacturer, the 
long range high speed 0.22’s develop 25 to 30 per cent higher speed and 50 to 80 
per cent gi’eater power than the ordinaiy 0.22 long shot shell. It is necessary” to 
obtain permission of the War Production Board to buy the shells. Both gun 
and shells were purchased through Abercrombie and Fitch, Dealem, 45th Street 
and Madison Avenue, New York City. 

Three shots, containing on the average 375 fine lead pellets, were fired into the 
muscles of the outer surface of each thigh of the deeplj" anesthetized dog, with the 
target at a distance of 7 to 8 feet from the gun muzzle. The shots were so 
placed as to cover from all angles the entire surface of the upper one-third of the 
limb. Since the area of “scatter” of the small shot at the distance used is 
approximately 3 inches, overlapping of the area injured by each shot necessarily 
occurs. 

There was always some, and occasionally severe, bleeding accompanied by 
rapid swelling of the limb first injured. The remaining leg usually exhibited little 
or no external hemorrhage and the swelling was not so evident. The injured 
areas were lightlj’’ tamped and swathed in cotton in order to decrease bleeding, 
but in no case were bandages or tape applied. 

Blood pressure determinations were made immediately after injuiy and 
repeated at various periods thereafter. The first infusions of plasma, gelatin or 
saline were started within a few minutes after the blood pressure and blood sam- 
ples were taken. No water was given until 24 hours after injury. At the end of 
this inten^al, the surviving animals were allowed water ad libitum and offered 
food. 

The animals employed were healthy, vigorous mongrels which had been 
kept under laboratory'’ conditions for at least one week before using. They 
were anesthetized by an intravenous injection of 30 mgm. of pentobarbital so- 
dium per kilogram of body^ weight, and kept under anesthesia for 18 to 24 hours 
or until death occurred. At inten'^als throughout this period additional small 
doses of the anesthetic were administered by intraperitoneal injection. Only 
well nourished dogs weighing between 6 and 14 kgm. were used; animals either 
smaller or larger than these were found to be unsuitable. Tlie muscle masses 
of the hind limbs of the light weight dogs were too small and the high velocity 
shot frequently broke the femur. On the other hand, tests made on heavy dogs 
weighing more than 1.4 kgm. showed that such animals do not always develop 
shock. These large dogs have thick, tough skin which serres as an effecti\c 
barrier to deep penetration of the fine lead pellets. . 

Preliminary to injury, the hair was clo.sety clipped with electric shears, anc 
the limbs thoroughly bathed vith soap and water and rinsed with 70 per cent 
alcohol. The anesthetized animals were then "placed on their side in cradle.^, 
and the limb held in a vertical position against a back stop of 0.5 inch pine boau . 
Following injury, the animals were left to lie on their side in the cradles in a 
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suitably wanned room where the temperature was maintained between 22° 
and 24°C. 

The muscles of the inner surface of the limbs should not be used since here the 
large blood vessels are more superficial and the numerous fine shot cause con- 
siderable external hemorrhage. Thus of 11 deeply anesthetized animals tested, 
using 2 shots on the outer and 1 on the inner surface of each leg, all died in shock 
with an average survival of 6 hours. Hmvever, the femur was found to be 
fractured in 5 of the animals and severe external bleeding occurred. Since bone 
injur}’- was regarded as an unnecessary complication this method of placing the 
shot was abandoned . N one of these animals are included with the data discussed 
in this paper. 

In other preliminary experiments, using large and small dogs, and ^^arying the 
number of shots fired from different ranges, it was found that the procedure 
described, i.e. 3 shots per leg, and all on the outside and at a distance of 7 to 8 
feet from the target, v^as the mo.st suitable single method for inducing shock and 
therefore was adopted for all of the experiments. 

The literature concerned with gelatin and saline as plasma substitutes in 
experimental shock induced by various procedures has been referred to in earlier 
papers by the writers (1,2) and will not be again reviewed. Likewise adequate 
reference to the methods employed for blood pressure determinations, hemato- 
crit, hemoglobin and serum proteins have been discussed in these previous 
communications. 

1. Control series. Untreated animals. The control group consisted of 43 dogs 
of which 39 or 90.7 per cent died, and 4, or 9.3 per cent did not exhibit shock 
symptoms. The aA^erage survival period of the animals Avhich died was 11 hours. 
The interval between injury and death in the series of 39 controls which died 
varied from 3 to 24 hours. Actually but 2 of the control series survived indefi- 
nitely for 1 died 65 hours, and one 42 hours, following injury. The immediate 
cause of death of these two long surviving cases was obscure but apparently they 
did not die of shock. Both had normal or near normal blood pressures and had 
taken food some hours before death. HoweA'-er, in the control experiments any 
animal surviving 30 hours from the time of injury Avas counted as a surAUAmr. 

A. Arterial pressure. The average mean arterial pressure of the 43 annuals 
AA'as 110 mm. Hg. The pressure Avas determined in the femoral arteiy by the 
intra-arterial needle puncture method (5) AAdiile the dog AA^as under pentobarbital 
sodium anesthesia. The range aaus from 96 to 135 mm. Hg. HoAAUAur, immedi- 
ately folloAving injury the pressure dropped to an aA’-erage of 54 mm. Hg in the 
animals AA^hich died, AAuth a range from 28 to 110 mm. Hg. The pressure of the 4 
animals AALich failed to develop shock averaged 93 mm. Hg after injury. These 
dogs Avere the maximum size used and autopsy shoAA'ed that the thick, tough skin 
had prevented good penetration of the shot. In those animals in AA’hich the blood 
pressure fell to Ioav leAuls, i.e., 25 to 40 mm. Hg, a s1oa\- recoAury to 50 to 70 mm 
Hg occurred in the hours subsequent to injury folloAAud by a later, progressiA^e, 
secondary decline to leA’els incompatible with life. Figure 1. Tavo to 5 hours 
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after injury the average pressure of the series of 39 control dogs niiich died was 
67 mm. Hg and 7 to 10 houis after injur^'^ the average pressure was 57 mm. Hg. 
The sudden steep fall in arterial pressure immediate^ following injury, is pre- 
sumably due to rupture and injury of numerous vessels of the limbs and conse- 
quent severe hemorrhage. 

B. Eemoconcentralioji. Blood concentration after injury, as measured b}" 
hematocrit, hemoglobin and serum protein determinations, was not marked at 
anj' time in the control series, although the hematocrit rose slightly (Table 1, 
fig. 1). This was most evident 2 to 5 hours after injury and was followed by 
dilution by the 7th to the 10th hour in those animals surviving this interval. 

C. Plasma volume changes. A series of 7 dogs of the control group was studied 
for changes in plasma volume after injury. The dye T-1824 was employed and 
the spectrophotometric method of Gregeisen and Stewart (6) was used for the 




Fig, 


Time in Hou.Tt 

1. Average blood pressure, blood volume and liemoconcentration changes in un- 


treated animals subjected to experimental wound shock. 


determinations. The average plasma volume of the 7 control animals previous 
to injury was 52.9 cc. per kilogram of body weight. Four to 7.hours after injmy 
the plasma volume had decreased to an average of 29.7 cc. per kilogram. This 
represents an average decline of 44 per cent during this interval. Not all of the 
decrease in plasma volume can be accounted for by lo.ss into the tissues of the 
limbs because vartdng amounts escape at the time of injury by external bleeding. 
Thus the markedly decreased blood volume is due to both external and internal 
hemon-hage at the site of injuiy. There was no evidence for loss of fluid else- 
where in the bod 3 E Figure 1. 

D. Autopsy findings. Aside from the bleeding and numerous perforation.s in 
the skin and thigh muscles, there were no striking or consistent pathological 
changes. Gross examination revealed merc}.y pale and anemic organs and tissue's 
characteristic of animals dj'ing of e.xsanguination. 

The limbs exhibited much swelling, and when cut were found to be full of 
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clotted and extvavasated blood, pooled around the broken vessels. The muscles 
contained numerous lead pellets, and although torn in places showed surprisingly 
little mutilation despite the numerous small perforations. Very few of the 

TABLE 1 


Average blood pressure and hcmoconcentralion changes in experimental wound shock 
and the effects of plasma, gelatin and saline therapy 



NUM- 

BER 

OF 

DOGS 

BODY 

WEIGHT 

NO. 

SUR- 

VIVED 

NO. 

DIED 

INITIAI. 

(anes- 

thesia) 

IMMEDI- 

ATELY 

after 

INJURY 

7-10 HRS. 
AFTER 
INJURY 

20-24 HRS. 
AFTER 
INJURY 

48-72 HRS. 
AFTER 
INJURY 

SURVIVAL 
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t/3 

3 

Cu 
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o 

£0 

'a 

^4 


V 
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"a 


o 

t*} 

'a 

p 

p 

U 

S, 

Untreated 

control 

iZ 

H 

4 

39 

1 

141 

139 

93 

54 

139 

169 



B 

B 

B 

I 

indef. 

11 hrs. 

Saline intermit- 
tent infusion 

23 

10.10 

10.07 

11 

12 

117 

118 

134 

149 

58 

50 

147 

148 

1 

B 

83 

148 



Indef. 

14 hrs. 

Gelatin intermit- 
tent infusion 

20 

li 

10 

.10 

107 

99 

148 

142 

69 

53 

142 

150 

98 

77 

142 

176 

87' 

52 

B 

107 

139 

Indef. 

20 hrs. 

Plasma intermit- 
tent transfusion 

15 

11.74 

0.04 

11 

■ 

i 

129 

128 

60 

49 

B 

97 

70 

173 

200 

101 

158 



Indef. 

18 hrs. 

Plasma single 
transfusion 

14 

9.79 

2 

12 

109 

140 

SO 

m 

. 

39 

202 

B 




Indef. 

14 hrs. 

Saline single 
infusion 

10 

11.45 

S.51 

3 

7 

m 

I 

55 

57 

132 

ICO 

97 

71 

B 

SO 

100 



Indef. 

10 hrs. 

■ 

e? 

1 

IS 

Hb. grams % 

bS 

rt 

B 

•a 

Hb. grams % 

6? 

B 

V 

a 

Hb. grams % 

65 

rt 

E 

c* 

W 

Hb. grams % 

65 

rt 

s 

<u 

w 

Ilb. gr.ims % 


Untreated 

control 

43 

13.7 

10.0 


39 

43.5 

15.2 

43.8 

15.1 

47.3 

14.8 

B 

B 



Indef. 

11 lu^. 

Saline intermit- 
tent infusion 

23 

B « n 

B w 1 

11 

12 

30.0 

42.3 

11.0 

13.4 

41.1 

49.0 

HI 

111 

44.9 

41.8 

14.3 

13.3 

39.0 

12.4 

32.8 

15.5 

Indef. 

14 Iirs. 

Gelatin intermit- 
tent infusion 

20 

11.44 

10.44 

10 

10 

■ 

13.3 

14.4 


13.4 

17.9 

38.8 

30.0 

12.4 

13.8 

42.7 

38.3 

13.9 

14.0 



Indef. 

20 hrs. 

Plasma intermit- 
tent transfusion 

15 

11.74 

9.04 

11 

4 

41.3 

44.9 

I5.S 

10.9 


B 


13.3 

11.7 

37.4 

12.2 



Indef. 

18 hrs. 

Plasma single 
transfusion 

14 

9.79 

2 

12 

45.3 

17.4 

42.5 

15.4 


13.2 





Indef. 

14 hrs. 

Saline single 
infusion 

10 

11.45 

S.51 

3 

7 

43.5 

49.8 


30.5 

47.8 

15.3 

10.0 

48.3 

50.5 

18.0 

18.3 

43.3 

17.1 



Indef. 

10 hrs. 


small shot penetrated the limb with sufficient force to pass through the skm of 
the inner surface to the exterior. 

Many of the animals which received plasma transfusions, or infusions of gelatin 
or saline, either did not develop shock or else recovered. The limbs remained 
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swollen for a week or more, but were not paralyzed, and the animals moved 
about without difficulty or evidence of discomfort. By keeping the skin of the 
injured area clean and covered with sulfonamid ointment, the small skin perfora- 
tions healed quickty without infection. Some necrosis and sloughing generall}^ 
appeared after a few days but seemed not to interfere with the health, ^^gor or 
appetite of the animals. 

2. The effect of fflasma, gelatin and saline therapy. Any shock inducing proce- 
dure to be standardized and easih' reproducible should a, terminate fatally in 
nearfy all untreated animals within 4 to 24 hours, and b, be revemible or pre- 
ventable and hence responsive to therapeutic or prophylactic measures. The 
method emplo 3 ’’ed bj’’ us appeal’s adequatel}' to meet the first requirement, since 
90.7 per cent of 43 untreated controls died of circulatorj* failure with an average 
survival period of 11 hours following injurjL 

In order to test whether shock produced by gun shot injury of the limbs could 
be prevented or reversed after onset, plasma and the plasma substitutes, gelatin 
and saline, were infused as therapeutic measures. The infusions were of the 
intermittent t3q3e unless otherwise stated. The amount of plasma or substitutes 
administered was 33 cc. per kilogram of bod 3 ’ weight, given as 5 injections of 6.6 
cc. each, distributed over a 7 hour intenml. The intravenous infusions were 
given at 0, 1, 2, 4 and 7 horn’s after injur 3 L 

A. Intermittent transfusions of plasma. This series consisted of 15 animals 
which received pooled heparinized plasma. Of the 15 dogs so treated, 11 or 73.2 
per cent did not develop shock and lived indefinitely, and 4 or 26.8 per cent died. 
The average survival period of the animals that succumbed in shock was 18 hours. 
This represents an average sunival of 7 hours longer than untreated controls. 
The pertinent data for the group are given in table 1. 

It is evident that plasma administered intermittentl 3 ’' in small amounts over a 
7 hour period is highly efficacious in preventing shock. In these experiments 
plasma proved to be superior to either gelatin or saline as a therapeutic agent. 
Not onty did a greater per cent of the animals survdve, but at the end of 18 to 24 
hours when anesthesia was discontinued, the animals appeared stronger and more 
vigorous than those surging as a result of either gelatin or saline treatment. 

B. Single massive iransffision of plasma. For comparison mth the intermit- 
tent transfusions, a series of 14 animals was given a single large transfusion of 33 
cc. per kilogram of pooled, heparinized plasma, immediately following injur 3 L 
The plasma "was injected tlmough the jugular vein, and administered at approxi- 
mateh' 10 cc. per minute to 9 dogs, and 15 cc. per minute to the remaining 5 
animals. The essential data are given in table 1. Of the 14 dogs used, 12 died 
and 2 lived indefinite^. It will be recalled that when an equal quantity of 
plasma was given intermittentl 3 ’' as 5 small injections over a 7 hour period, 73.2 
per cent survived and 26.8 per cent died. Thus it is obvious that a single mas- 
sive transfusion given within the first 10 minutes following injury of the t 3 ’pe 
used in these experiments exerts little effect in preventing shock. This was an 
unexpected finding, for we anticipated that more of the animals would sun'ive 
as a result of the transfusion. 
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The greater effectiveness of the small intermittent infusions over smgle massii^e 
infusions presumably is due to greater retention of plasma within the circulation. 
The volume given at each intermittent injection is not sufficient appreciably to 
raise the pressure or force the plasma through the injured vessels into the tissues 
at the site of injury. On the other hand, the plasma given as a single massive 
infusion rapidly leaks into the tissues of the limbs. The legs of the dogs receiving 
the single infusion may exhibit marked swelling during the injection, and profuse 
bleeding through the skin perforations usually started anew. 

It has been our experience, insofar as experimental shock in dogs is concerned, 
that single massive transfusions of plasma are a somewhat wasteful and relativeh’^ 
ineffective procedure compared with the administration of small intermittent 
injections given over a period of hours. This has proven to be the case in experi- 
mental shock induced by release of leg tourniquets, crush injur}’- caused by a leg 
press, and shell shot Avounds of the limb muscles. 

In contrast to the animals of the other experimental series, the dogs receiving 
the single la,rge transfusion of plasma exhibited marked decline in hematocrit and 
hemoglobin concentrations. The hematocrit fell from the initial reading of 45.3 
per cent to 32.0 per cent 7 to 10 hours after injury when the animals ivere mori- 
bund, and the hemoglobin dropped from 17.4 gi-ams per cent to 13.2 grams per 
cent during the same interval. 

C. InUrnviitent gelatin infusions. The material used in these experiments Avas 
a 5 per cent solution of bone collagen gelatin in 0.9 per cent saline. It was 
obtained in sterile containers ready for use, through the courtes}’’ of the Upjohn 
Company of Kalamazoo, Michigan. A brief description of the properties of 
this gelatin as speciall}" prepared by this Company for experimental study has 
been giA’cn in earlier communications (1, 2). The oncotic pressure of the ma- 
terial is approximately 70 mm. Hg after sterilization. We haA'e administered 
this gelatin intravenousl}’- in large doses to several hundred animals but haA’-e 
never observed any ill effects from the injections. 

The gelatin infused series consisted of 26 dogs subjected to leg injury, of A\ffiich 
16 or 61.7 per cent did not exhibit shock and lived indefinitely, and 10 or 38.3 
per cent died in shock. The average surA'-Wal period of the animals AA’hich died 
was 20 hours. This represents a 9 hour prolongation of surAUA'-al oA’-er untreated 
controls. The data indicate that although gelatin as a plasma substitute is 
more effective in preventing shock than 0.9 per cent saline giA' en in equal amounts 
and over the same time interA-al, it is apparently inferior to heparinized plasma. 
This conclusion is in agreement AAdth that reached by us in earlier studies Avhere 
gelatin Avas used as a plasma substitute in the treatment of a type of shock which 
also inA’oh’ed both AA’hole blood loss and severe muscle injury. 

D. Iniermiiteyii saline infusions. Since the gelatin employed for infusions 
Avas a 5 per cent solution in 0.9 per cent saline, it Avas necessary to test a gi'oup of 
dogs using saline as a control for the gelatin series. The saline Avas administered 
inteimittentl}^ and in the same dosage as the gelatin. TAA'enty-three dogs AA'ere 
used of Avhich 11, or 47.8 per cent surAUA’-ed, and 12 or 52.2 per cent died. The 
surAUval value of saline therapy is quite eA’ident from these experiments since 90.7 
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per cent of untreated dogs subjected to the same shock inducing procedure died. 
It was somewhat surprising to find that nearly 50 per cent of the saline treated 
animals survived. However, the miters (1) reported that a similar per cent of 
anesthetized, saline injected dogs smwive the shock induced by muscle trauma of 
the t 3 -pe induced by 400 to 800 blows upon the muscles of each thigh with a 200 
gram rawhide mallet. It is interesting to note that both types of shock in which 
saline proved most effective as a shock preventive are characterized b}’^ loss of 
whole blood into the area of injury, and extensive injuiy to muscle masses. On 
the other hand, saline infusions proved less efficacious in preventing those tj^ies 
of shock due primarilj’^ to loss of plasma, such, for example, as release of tourni- 
quets after a 5 hour constriction of both hind limbs of anesthetized dogs, and 
ciush injuiy produced bj* application of the Duncan-Blalock leg press (2, 3). 

Saline infusions as a therapeutic measure for the treatment or prevention of 
shock have not received favorable attention from students of the problem, owing 
to the fact that any beneficial effects of the injection are transient and seldom 
sustained. However, the saline has in man\' cases been administered as a single 
massive infusion instead of Iw small intennittcnt injections given over a period of 
hours, and has usually been emplo 3 'ed to revive the animal already in profound 
shock, rather than used as a prophylactic to prevent shock from developing. 

The use of saline infusions, especiall 3 ' as a prophylactic against shock, requires 
further investigation. Recent experimental work (7-12) b 3 ' several groups using 
saline indicates that it is effective in a certain per cent of cases. 

E. Single infusion of saline. Since intermittent infusions of saline prevented 
shock from developing in 47.8 per cent of the animals tested, it was of interest to 
compare the effectiveness of a single massive saline infusion Avith the intermittent 
method of administration. This AA*as done in a series of 10 animals. The 
saline was a 0.9 per cent solution giA'en Avithin 10 minutes after injurA*. The total 
amount AA’as 33 cc. per kilogram injected at the rate of 10 cc. per minute. Of the 
10 dogs used, 7 or 70 per cent died, and 3 or 30 per cent survived. The aA'erage 
survival period of those that died aa'us 16 hours. Blood pressure and blood con- 
centration data are given in table 1 . 

These results are comparable to those obtained Avith single massiA’e infusions 
of plasma. Neither plasma nor saline AA'hen giA^en as a single injection immediatebv 
after injury is as effective in preventing shock as are equal quantities of these 
same substances giA'en intermittent^ oA’er a period of 7 hours. Owing to lack of 
sufficient material the efficac3' of a single infusion of gelatin Avas not studied. 
HoAA'eA-er, it is doubtful if it Avould haA*e proA-en an3’^ better than the plasma 
or saline. 

SmiJURY 

1. Plasma, gelatin and .saline AA'ere tested as thcraiieutic agents in experimental 
Avound shock involving severe muscle trauma plus external and internal hemor- 
rhage at the site of injurA'. 

2. Of 43 clecph' ane-sthetized control dogs not receiving treatment of auA' kind, 

39 or 90.7 per cent died in shock. The anesthesia AA’a.s maintained for 18 to 24 
hours folloAA'ing injuiy or until the animals died. 
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3. Shock induced by the method employed is characterized in general by a 
lack of marked hemoconcentration, drastic fall in blood pressure and loss of 'whole 
blood. The plasma volume declined approximate!}^ 44 per cent. 

4. Transfusions of plasma given intermittent!}" as 5 injections of 6.6 cc. each 
o’\"er a 7 hour interval prevented shock in 11 of 15 animals. Single massive infu- 
sions of plasma given -within 10 minutes of injury did not prevent shock in 12 of 
14 animals used. Much of the injected plasma was rapidly lost into the injured 
area. 

5. Intermittent infusions of gelatin and 0.9 per cent saline were both effective 
in jireventing shock, although gelatin was somewhat more efficacious. Of 26 
gelatin infused dogs, 16 or 61.7 per cent survived indefinitely, whereas of 23 saline 
treated dogs, 47.8 per cent failed to exhibit shock. A single massive infusion of 
saline prevented shock in but 3 of a group of 10 dogs. 

6. Administering small intermittent plasma, gelatin and saline infusions over a 
period of hours apparently is a more effective method of preventing shock than 
giving a single massive infusion immediately following injury. 
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The fact that arterial trauma occasionally may cause syncopal reactions has 
been pre\uously observed. Bazett and McGlone (1) pointed out that puncture 
of an arterial wall may elicit intense visceral pain capable of producing “reflex 
responses in the fainting type”. The conclusion was dravm, that the pain re- 
sulting from deep punctures of muscle, connective tissue and periosteum was 
due to stimulation of nerve plexuses about small arteries. No observations were 
recorded on the circulatory responses to this type of stimulation. Lewis (2) 
also observed the production of a “vasovagal” response to painful stimulation 
of muscles, deep fascia, periosteum and arterial walls. No reports have been 
found in the literature concerning observ'ations made on the production of syn- 
cope in man from relatively painless arterial punctures. 

In the course of some experiments on human subjects while in the sittmg 
position, 15 out of 45 individuals developed circulatoiy collapse following arterial 
punctures. Observation of these cases was incidental and the experiments had 
not been planned with the view of studj’’ing this type of reaction. The clinical 
picture which developed bore a striking resemblance to the vasovagal sjmeope 
described by Lewis (3). The high incidence of circulatory collapse encountered 
may be attributed to the fact that subjects were in the sitting position during 
the arterial puncture and thus were more subject to the development of symptoms 
from vasomotor changes. 

Methods. It was made clear to each volunteer that the experiment involved 
the introduction of a needle into an arterj\ Each subject e.xpressed confidence 
that this procedure would not bother him and those who collapsed were surprised 
at having been so affected. Several requested to be used again, but this was 
possible in only one case. It was the impression of all observers of the experiment 
that this group of men was emotional^’ stable. 

In each experiment the subject was seated comfortably with his arms resting 
on adjustable supports. The procedure to be followed in an}’’ particular experi- 
ment was carefully explained without making any mention of the possibility that 
faintness or syncope might occur. The skin over the brachial arter}’-, usually 
on the left side, was anesthetized with a 2 per cent solution of procaine hydro- 
chloride. The subcutaneous tissues and lacertus fibrosis was infiltrated and 
care was taken to infiltrate well about the artery. A short beveled, 19 gauge 
needle was introduced into the lumen of the artciy and the intm-arterial pressure 
was recorded by a modified, Hamilton optical manometer (4). 

A finger plethysmograph was adjusted to the index finger of the right hand 
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and connected by capillaiy rubber tubing to a rubber tambour carrying an ec- 
centrically placed mirror. A calibration sjTinge for making fine adjustments in 
the , volume of the air in the system rvas also attached. Recordings were made 
on sensitized paper inin through a camera at the rate of 6 mm. per second. 

In two of the experiments the subjects performed a modified Valsalva ma- 
neuver, maintaining a column of water at a height of 54 cm. (40 mm. Hg) for 
20 seconds. 

Results. 1. Symptoms of collapse. The symptoms of circulatoiy failure 
associated with arterial puncture had an abrupt onset and frequentl}'- the enthe 
picture was fullj’’ developed within one or two minutes from the time of arterial 
puncture. Disappearance of pulsations in the arteiy at the site of the puncture 
frequentl}’^ heralded impending collapse. 

The symptoms Avere those of t 3 q>ical .S 3 'ncope: epigastric uneasiness, pallor, 
sweating,, weakness, faintness, dimming of vision, complete loss of vision, and 
loss of consciousness. Pallor, sweating, weakness and faintness were present 

TABLE 1 

Incidence of symptoms in ten cases of circulatory collapse 
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in all; dimming of vision occurred in 7; complete loss of vision in 3 (table 1). 
There was unconsciousness for 15 to 30 seconds in rivo subjects during which time 
commlsive movements Avere noted. The pupils AA-ere observed to be moderatelj- 
dilated (4-5 mm.) and sluggish m reaction to light, 

2. Blood pressure. AVhen the sj’-mptoms developed rapidly, spontaneous 
recovery of the blood pressure likcAATse aa-rs rapid eA'en with subjects retained 
in the sitting position. HoAA'ever, AA'hen circulatoiy collapse appeared more 
gi'adually, spontaneous recoA- eiy also AA*as more gradual, requiring 5 to 20 minutes. 

Because of local vasoconstriction AA'hich frequentR occurred at the site of the 
arterial puncture, it AA^as possible to get continuous blood pressure recordings 
in onh' 4 subjects AA'ho had s.yncopal reactions. 

The blood pressure fell rapidly to alarmingly Ioaa* leA-els in the subjects rapidly 
developing collapse reactions so that only 7 subjects Avere retained in the sitting- 
position for more than 4 or 5 minutes. As soon as the reclining position AA'as 
assumed, the arterial blood pressure returned to AA-ithin normal limits in 1 to 2 
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minutes althougli bradycardia, pallor and sweating frequently persisted for 5 
to 20 minutes longer (fig. 1). 

Blood pressure detemiined by means of a sphygmomanometer after the needle 
was udthdrawn in 4 subjects are plotted in figure 1, along udth the pulse rate. 
The protocols of these subjects were as follows: 

Subject 10, The procaine infiltration was apparently inadequate because evanescent 
pain resulted during the insertion of the needle into the artery. Thereafter, mild aching 



Fig. 1. Graph of systolic and diastolic pressures in 4 subjects. The vertical scale repre- 
sents millimeters of mercury, the horizontal scale time in minutes. On subject S the points 
shown during the first 4 minutes were obtained from the manometric blood pressure record. 
All other blood pres.sures were obtained by the aiiscultatorj' method. Pulse rates are re- 
corded along the lower margin of the graph. 

persisted about the elbow. The subject complained of dizziness, a sinking feeling in the 
epigastrium and stated that ho was about to faint. In 30 seconds his head fell fonvard and 
there were mild convulsive movements. He quickly regained consciousness but was pale, 
clammy and weak. Flexion of the trunk with lowering of the head made the subject feel 
better, although his blood pressure remained low until he was placed in the reclining pos- 
ture. Thereafter, the blood prc.ssure quicklj- came up to 114/70 mm. of mercury. 

Subject 8. This man had collapse in the low pressure chamber at a simulated altitude 
of 3.5,000 feet during a classification run two days before the arterial puncture. When he 
was removed from the chamber his pul.se rate was 44 per minute, but the systolic blood pres- 
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sure was 112 mm. of mercury compared to a control reading of 120 mm. He was placed in 
the hospital for 24 hours with no further untoward symptoms. 

A preliminary blood pressure, determined bj-- means of the sphygmomanometer, was 
112/54 while the pulse rate varied from 44 to 48 per minute. An electrocardiogram was 
taken in view of the bradycardia and found to be normal. Following the routine procaine 
infiltration, the needle entered the arterj’’ painlessly, but a few seconds later the subject 
became pale and weak. The recording Avas continued, and during the last portion of it 
faintness along with tingling of the fingers and of the thumb of the left hand developed. 
The manometric record of this subject’s blood pressure simultaneously recorded with the 
finger plethysmogram at the onset of collapse and 2 minutes later is shown in figure 5. The 
pulse rate became rapid and irregular during the first portion of the record, but during the 
latter part of the 4 minutes of recording it slowed down to GO per minute and was fairly 
regular. The heart rate continued to fall after the needle Avas removed from the artery and 
AA-as found to be 44 per minute Avhen the subject AA'as placed in the reclining position 6 min- 
utes after arterial puncture had been performed. 

The folloAA’ing tAvo e.xperiments Avere conducted at 20,000 feet. It Avas planned that the 
oxj'gen masks be remoA'cd after the completion of the arterial puncture so that the effect 
of anoxia could be recorded. The appearance of sCA^ere vasomotor collapse prevented the 
eompletion of the experiment in both cases. 

Subject 12. The subject Avas at 20,000 feet, breathing oxygen Avith an A8B mask and an 
A9A regulator set at 35,000 feet. A sudden sloAving of the heart rate Avas noted during the 
arterial puncture and the needle Avas quickly AvithdraAvn. The subject stated that he felt 
empty in the epigastric region. The pulse AA'as not palpable. Within a minute the systolic 
blood pressure Avas 40 mm. of mercury but soon rose to 50 mm. The subject Avas maintained 
in the sitting position during the descent AA'hich required seven minutes and for ten minutes 
thereafter. At the end of that time he Avas given ephedrine sulphate 0.024 gram intramus- 
cularly. There Avas no apparent influence on the blood pressure AA'hich had bj’’ this time re- 
turned nearly to the control level. The duration of the bradj'cardia seemed to be reduced 
(fig. 1). 

Subject 13. This subject also collapsed during arterial puncture at a simulated altitude 
of 20,000 feet Avhilc breathing 100 per cent oxygen. Immediately after signs of collapse 
Avere noted, the needle Avas AA'ithdraAvn from the arteiy and 0.4 cc. of adrenalin (1 :1000 solu- 
tion) AA'as given intramuscularly. About 6 minutes later there Avas a transient elevation of 
the diastolic pressure lasting about 3 minutes (fig. 1). No significant bradycardia AA'as 
noted throughout the experiment although subject Avas retained in the sitting position. 

3. Plethysmography. The onset of circu]atoi’.y collapse coincided AA'itli an 
increase in the volume pulse of the finger, and Avith bradycardia. In the presence 
of fallmg blood pressure the increase of volume pulse indicated the presence 
of marked peripheral vasodilatation. Figures 2 and 3 sIioav the changes Avhich 
occurred shortl 3 ^ after mechanical stimulation of the arterial Avail. The increase 
in total finger volume, as shoAAm on the records by a gradual shift of the base 
line npAvards, Avas noted in almost every case but did not necessaril,y persist. 
The total increase in the volume of the index finger Avas rarely more than 0.25 
cc. 

4. Modification of the findings by the Valsalva maneuver. The effect of increased 
intrathoracic and intra-abdominal pressures on the circulation during the onset 
of circulatory failure is shoAA'n in figure 4. Subject 5 experienced no symptoms 
from the Valsahm maneuver during sLx practice trials prior to the beginning of 
the experiment. He displayed no pallor or SAveating for at least 3 minutes after 
the arterial puncture AA'as completed. A ’l^alsalva maneuver AA'as then performed 
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during the recording of the intra-arterial pressure. In contrast with the usual 
blood pressure response to the Valsalva maneuver, the systolic and diastolic 
pressures fell progressively during the entire maneuver. At the end of 40 seconds 
the blood pre.ssure was approximate!}’' 64/58 mm. Hg. The pulse rate during 
the first third of the increased intrapulmonic pressure was 103 per minute. 
However, during the last two-thirds it fell to 80 beats per minute in spite of a 
gradual drop in blood pressure. During the last portion of the Valsalva ma- 
neuver the subject “blacked-out” completely but did not lose consciousness. 
The blood pressure failed to reach the initial level following the maneuver, 
leveling off at approximately 108/50 mm. mercury. The finger volume increased 
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Figs. 2 and 3. Changes in finger volume, pulse volume and pulse rate following arterial 
stimulation as recorded bj' the finger plcthysmograph. The record of arterial stimulation 
was made with the Hamilton optical manometer. In figure 3 the second part is after a 2 
min. interval. 

much more abruptly than is usually observed during the period of the ^"alsalva 
maneuver and fell precipitously at the completion of the maneuver to a level 
below the original l)ase line. 

Subject 14 .showed a delayed reaction, becoming suddenly unconscious on 
.‘standing 2 or 3 minutes after the end of the .succe.ssful recording of blood pre.ssure 
during which a Valsalva maneuver was perfoi'med (fig. 4). The unu.sual feature 
of this record is the relative bradycardia during the last 0 or 7 seconds of the 
raised intrathoracic prcs.swe and the heights to which the blood pre.ssure rose. 
The most common change in blood pre.ssure with the ^'alsalva maneuver is similar 
to tliat seen in subject 14 with the exception that tachycardia pcrsi.sts throughout 
the maneuver and a secondary rise in blood pre.ssure occurring just after the 
completion of the maneuvej’ is usually more abnipt anfl higher. 


CIRCULATORY COLLAPSE AFTER ARTERIAL STIMULATION 

5. Relation of arterial trauma. When the arterial puncture was accomplished 
ith minimal mechanical stimulation, in the majority of subjects no collapse 
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Fig. 4. Intra-arterial blood pressure and finger plethysmograph recordings during Val- 
salva maneuvers. Subject 5 was in the earh^ stages of collapse and subject 14 suddenly 
collapsed on standing five minutes after completion of the e.xperiment. 
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Fig. 5. Continuous intra-arterial blood pressure of a subject gradually developing col- 
lapse. There is early tachycardia and progressive fall in blood pressure, pulse pressure and 
pulse rate during a 6 minute interval. 


occurred and the condition of the circulatory system apparently remained normal. 
In two instances continuous blood pressure recordings from the left brachial 
arteiy using a 19 gauge needle with a long bevel were begun without producing 
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collapse. The brachial ai'tery on the opposite .side was stimulated with a short 
beveled needle of the .same gauge. Within a few .seconds pulsation.s disappeared 
in both brachial arteries and the blood pressure recording failed due to blockage 
of the needle by the arterial wall. 

To study further the psychic factor in the production of the collapse reaction 
the following experiment was carried out: After careful infiltration of 2 per cent 
procaine a 19 gauge needle was in.serted through the skin and lacertus fibrosis 
at a point 1 cm. away from the brachial punctui’e. There were no untoward 
.S 3 miptoms for the next 2 or 3 minutes after the needle was withdrawn. It was 
re-inserted through the skin and impinged upon the arteiy. The subject did 
not complain of pain and 3 ^et within 30 seconds pallor and sweating were noted, 
and the subject went on to complete circulatoiy collapse. 

Discussiox. It was difficult to evaluate the amount of subjective pain 
experienced by the various subjects encountered during the arterial punctures. 
In every case pre.ssure of the needle within the .subcutaneous ti.ssues of the arm was 
felt. Careful interrogation of the subjects revealed that the pain experienced was 
rarely worse than that found with a common headache and in general resembled 
a headache in that it was diffuse and poorh' localized. In three subjects evane.s- 
cent sharp pain was noted at the time the needle penetrated the arterial wall. 
Four .subjects stoutly denied that there was an^' pain during the entire procedure. 
There was no apparent relationsliip betAveen the occurrence of collap.se and the 
difficultA' encountered in successfulh' completing the arterial puncture. Several 
.subjects withstood as many as four rather painful attempts at arterial puncture 
without collapse and others collap.sed .shorth' after the fii’st contact with the 
arterv had been made. 

Stimulation of the median nerve was not encountered in anv of the subjects 
in this series. Tingling of the fingers which was noted in a few eases was not 
limited to the di.stribution of this nerve and Avas belieA'ed to be due to the local 
arterial spasm at the site of the arterial puncture. 

The possibility' that p.sychic factors played a predominant role in the produc- 
tion of this collapse reaction at first AAas considered quite likely. With continued 
experience the folloAving factors indicated that this aa'us probably not the case: 
Xono of the subjects had a history of fainting from inadequate cause in spite 
of the fact that all had previously had routine veneimnctures. In a number 
of the cases needles had been placed Avithin A’cins and left there for several minutes 
prior to the arterial puncture Avithout producing collap.se. A clo-se temporal 
relation betAAcen the arterial puncture and the onset of sign.s of circulatory col- 
lapse Avas found in almost every ca.se. The fact that pulsations of the brachial 
artery at the site of arterial puncture disappeared just prior to the beginning 
of .«:ubjcctive .symptoms AA-as frequently obseiwed. All these factors tended to 
rule out the possibility that p.sychic factors AA'ore the primary cause of the syn- 
copal reaction. 

Wei.ss and his a.ssociates (5a, b and c) haA'c exhaustively studied a form of 
circulatory collapse brought on by the administration of sodium nitiite followed 
by tilting the subject to 75° on the tilt table. Under the«e conditions tachy- 
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cardia appeared wliile the blood pressure was falling but Avas superseded by 
brad 3 "cardia at about the time loss of consciousness ensued. Thej’ found SAUicope 
resulting from this procedure to be associated Avith findings AA'hich pointed to 
stimulation of both the SAunpathetic and parasjnnpathetic nerA’ous s.A’stems. 

Circulatorj’ collapse resulting from mechanical stimulation of an arterial aarII 
closety resembles the response to stimulation of the carotid sinus. SAuicopal 
reactions of this t3T)e are fahlj^ common in response to A'isceral t.A’pe pam but 
in this case subjectiAR pain aars not a major factor. Gunther et al. (6a, b and c) 
haAR studied the A-enous pressure and intramuscular pressure during shock-like 
conditions. The5’' liaA'e stressed the role of a ARiiopressor mechanism in the 
etiology of these responses. Increase in the Amlume pulse early in the deARlop- 
ment of tins form of circulatoiy collapse indicates that peripheral ARsodilatation 
plaAR an important role. 

The fact that it aars possible to produce chciilatoiy collapse by means of an 
existing reflex arc AAithout the use of drugs maA^ facilitate inARstigation of the 
mechanism and treatment of “primaiy neurogenic shock”. 
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Very little is kno^ra of tlie possible nervous regulation of pancreatic secretion 
except that stimulation of the vagus (Pavlov, 1888) or splanchnic nerves (Kud- 
rervezky, 1894) may, under certain conditions, cause secretion of pancreatic 
juice. The juice collected during stimulation of the vagus nen^es contains more 
than the usual amount of enzymes.^ Mellanby (1925) advanced the theorj^ that 
. the enzyme content of pancreatic juice is determined by the vagus nerv^es 
. . This point of viev is also implicit in the VTitings of Pavlov and his pupils. 

Except that a negligible “reflex phase” of pancreatic secretion is Imown to 
follow sham feeding in the dog (Walther, 1897), there is no information available 
regarding the manner in which the nervous mechanism is normal^ stimulated. 
Thomas and Crider (1941, 1944) noted that peptone in the intestine caused 
secretion of very concentrated pancreatic juice like that produced on stimulation 
of the vagus nerves. Because of this we undertook an investigation of the mech- 
anism through which peptone acts, in the hope of obtaining information con- 
cerning the functional inneiwation of the pancreas. As an initial step we have 
studied the effect of cutting the extrinsic nerves on the response of the pancreas 
to peptone in the intestine. We have also looked for any changes that might 
occur in the secretory effects of soap and HCl. 

Ramsay, Thomas and Crider (1943) obseiwed that prolonged stimulation of 
the pancreas by means of peptone m the intestine caused depletion of the granu- 
lar material of the acinar cells in noimal dogs. The same stimulus administered 
24 hours after double vagotomy caused no change in the microscopic appearance 
of the gland. 

Methods. The methods used for collecting pancreatic juice from dogs and 
for administering various stimulating substances into the intestine have been 
described in the publications already referred to. A uniform procedure has been 
followed in all the experiments. Fasted animals were given measured amounts 
of the pancreatic stimulus (20 cc. of 5 per cent peptone, 10 cc. of 2 per cent soap 
solution or 10 cc. of N /lO HCl) into the intestine and the pancreatic juice secreted 
during the following 10 minutes collected and measured. This procedure was 
repeated until several successive samples had been obtained. Generallj' the 
animal was used for onR one experiment in one day and the same stimulus was 

’ The statement, frequently found in text books, that pancreatic juice secreted during 
stimulation of the vagus nerves contains active trj'psin is misleading. Active trypsin is not 
always present in such secretion and in anj* case onlj’ a fraction of the total proteolytic 
enzyme secreted is active. (See Babkin, 1928.) According to Guillaumie (1934) this frac- 
tion is no greater relative to the total enzyme output than is present in the pancreatic juice 
secreted in response to secretin under the same conditions. 
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alwa 3 ’’S used thi’oughout an}" single experimental period to avoid variations in 
results due to late effects of previous stimuli. 

The first sample collected in any one experiment vas seldom typical and was 
ahva 5 "s discarded: The specific gravit}" of each remaming sample was deter- 
mined; the samples were then mixed and total nitrogen per cubic centimeter of 
the mixture deteimined bj" the micro Kjeldahl method.- In order to obtain 
an estimate of the effectiveness of each stunulus in promoting the secretion of 
enzymes under the various experimental conditions, the ‘Total nitrogen per 
sample” was calculated bj’’ multiplj^ing the average volume of the several samples 
collected during an experiment by the total nitrogen per cubic centimeter. As 
pointed out preAuousl}'' (Thomas and Crider, 1941), this value is more neaidj" 
constant under unifoim conditions than either the volume or the nitrogen per 
cubic centimeter. 

The vagus nerves were cut either in the neck or just above the diaphragm. 
In some animals the vagi were first cut above the diaphragm and later m the 
neck. Since the second vagotomy did not cause an}'^ further change in the re- 
sponse of the pancreas to intestinal stimuli, we consider the intrathoracic opera- 
tion suitable for this t 3 "pe of study. 

The major splanchnic nerves were generally exposed thmugh a flank incision 
and cut below the diaphragm, though in one animal the left splanchnic was cut 
above the diaphragm at the time of the vagotomy. Minor splanchnics were 
also cut whenever they could be found. 

Results. The immediate effects of vagotomy. In four dogs the vagus nerves 
were exposed in the neck and a strip of cellophane placed under each and the ends 
of the strips allowed to protrude from the wound. After the animal had re- 
covered from the operation it was possible to e.xpose the nerves at will by re- 
moving the bandage and exerting slight traction on the ends of the cellophane 
strips. This procedure caused the animal no evident discomfort. 

In two of these dogs (4-41, 5-41, table 1), after deteimining the noraial response 
of the pancreas when the usual quantity of peptone was injected into the in- 
testine, we injected both vagus neives with cocaine or procaine or cut one nerve 
and injected the other. Complete vagus block was indicated b}" acceleration 
of the heart, usuall}" to about 190 beats per minute, and by absence of the normal 
respiratoiy sinus arrh 3 Thmia. So long as the nerve block was complete the 
pancreas failed to secrete significant amounts of pancreatic juice m response 
to peptone in the intestine even though on several occasions double the usual 
amount of peptone was administered. The secretoiy response returned with 
recoveiy of the nerves, Recoveiy was indicated b}" decreasing heart rate and 
return of sinus arrhythmia. The absence of secretory response from the pancreas 
during the vagus block was not caused b}" the S3"stemic action of the drugs be- 
cause subcutaneous administration of amounts equal to those injected into the 

= study of more than 100 samples revealed the fact that there is a constant linear rela- 
tion between the total nitrogen and specific gravit}' of dogs' pancreatic juice. 3Ve have 
taken advantage of this fact in a few cases to supplj" missing data on total nitrogen. All 
such instances are indicated in the tables by appropriate symbols. 
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Denies had no such effect. In one of these dogs the one remaining vagus nerve 
was cut in the course of an experiment with an effect exactly like cocaine block, 
i.e., there was no secretoiy response from the pancreas to peptone for the re- 
mainder of that period of observation. 

The neiwes were cut in the course of an e.xperiment in the other two dogs 
(6-42, 10-42, table 1). The results were the same as with cocaine block. In 
one of these one of the nerves was later found to have been incompletely severed 
but evidently the pancreatic fibers were destro 3 ’’ed. Both of these animals sur- 
vived for further study and the results of subsequent experiments were com- 
parable in the two animals but onty the one (10-42) in which both nerves were 
completely severed need be considered further, ils shown in table 2, there was a 
partial return of the secretory response of the pancreas to peptone on the daj^ 
followingthe vagotom\" (expt, 10-29-42) and five days later (11-3-42) still further 
recovery was evident. 

TABLE 1 


Immedialc effect of culling or blocking the vagus nerves on the volume and specific gravity of 
the pancreatic juice secreted in response to peptone in the intestine 


DOG KO, 

i 

KORlCAt 

VAGI BLOCKED OR CUT 

Number of 
experiments , 

Average vol- 
ume 

Average sp. g. 

Number of 
c.Tperimenfs 

Average \'ol- 
ume 

Average sp. g. 






cc: 


4-41 

2 i 

2.3 

1.0158 

2* 

0.3 


5-41 

4 i 

1.9 

1.0182 

4* 

0.65 

! 1.016 

6-42 

3 

2.86 

1.0196 

1ft 

0.3 


10-42 

3 

I 

2.24 

1.0207 

It 

[ 0.56 

1.0142 


* Vagi blocked with cocaine or procaine, 
t One vagus not completely severed. 

1 Vagi cut in the neck. 


The vagus nerves have been cut or blocked in the same way in other dogs 
(not included in table 1) which had alread.y recovered from previous intra- 
thoracic vagotomy and were again responding to peptone stimulation. In these 
there was no further change in the pancreatic response to peptone; consequent!}' 
the results recorded in table 1 cannot be attributed to general sj'stemic dis- 
turbances associated with manipulation of the vagi. 

Chronic effects of vagotomy. The effect of peptone in the intestine on pancreatic 
secretion was studied in four dogs that had survived vagotomy for several days 
or weeks. Control experiments had previous! j’- been performed on all but one 
of them. In three do^ the vagus nerves were cut in the thorax and in one of 
the three the}' were subsequently cut in the neck. In the fourth dog the nerves 
were cut in the neck only. Observations were made at various times, ranging 
from one day to two and one-half months after operation. All of these dogs 
secreted significant amounts of pancreatic juice in response to peptone in the 
inte.stine after vagotomy. However, both the volume of secretion and the total 
nitrogen output (nitrogen per sample) remained consistently below normal. 
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For example, the volume of the lO-minute samples fell from an average normal 
of ’2.27 cc. to 1.52 cc. following vagotom 3 '- in the three dogs for wliich normal 
data are available. In the same experiments the average total nitrogen per 
sample decreased from a normal value of 16.07 mgm. to 10.23 mgm. These 
results are presented in table 2. 


TABLE 2 


Permaneni effect of cutting the vagus nerves on the volume, specific gravity and total nitrogen 
of the pancreatic juice secreted in response to peptone in the intestine 



NORITAL 



VAGI CUT 



DOG N'O. 

Date 

Num- 
ber of 
sam- 
ples 

Vol- 

ume 

Sp. g. 

Total 

N 

Total 

N 


Num- 
ber of 
sam- 
ples 

Vol- 

ume 

Sp. g. 

Total 

N 

Total 

N 




cc. 


ptgm./ 

cc. 

mm./ 

sample 



cc. 


fngm./ 

cc. 

mgm./ 

sample 

1-42 







1-21-42 

3 

m 

1.0172 

5.76* 

9.21* 

1-42 







1-23-42 

3 


1.0200 

7.4 

7.1 

1-42 







1-26-42 

3 

1.0 

1.0167 

5.44 

5.44 

9-42 

4-23-42 

6 

1.95 

1.0186 

6.6 

12.87 

7- 1-42 

3 

1.5 


6.63* 

9.94* 

9-42 

4-28-42 

5 

2.34 

1.0190 

6.8 

15.91 

7- 3-42 

1 

2.2 


7.61* 

15.22* 

9-42 







7-10-m 

B 

1.54 


6.37 

9.80 








a.m. 

B 





9-42 







7-10-42j; 

B 

1.09 



6.56* 








p.m. 

■ 





10-42 

7-24-42 

5 

2.23 


8.64 

19.95 


4 

1.82 


6.05 

11.01 

10-42 

7-27-42 

6 

2.16 

1.0217 

8.11 

17.49 

11- 3-42t 

5 

2.48 

1.0179 

6.02 

14.82 

10-42 

10-28-42§ 

4 

2.26 

1.0185 

6.3 

14.23 







■ n 

7-30-42 

6 

2.72 

|B iP t 

4.8 

13.05 

12-2S-42t 

5 


H[ 

9.25 

6.29 


7-31-42 

6 

2.0 


6.93 

13.86 

12-30-42t 

6 

1.06 


6.93 

7.34 

B Sg 

8-14-42 

6 

2.58 

mS 1 

7.7* 

19.86* 

1- 4-43t 

3 

EB 


8.17 

7.35 

B iQ 

11- 9-42^ 

6 

2.3 

jjnK' 

6.96 


l-ll-43t 

4 

n 


13.44 

8.60 

lil 


6 

2.15 

B 

9.45 









* Nitrogen calculated from sp. g. — 594.8 (sp. g. — 1.00755) = N in mgm./cc. 

t Both splanchnics also cut. 

X Vagi cut in neck. 

§ Vagi e.xposed but not cut, 10-27-42. 

*[ Bight vagus cut in neck, 10-27-42. 

A noticeable change in latent iieriod Avas also observed. In the normal animal 
secretion generall.y begins in from one to three minutes following the injection 
of peptone into the intestine. In the A’^agotomized dogs a single injection of 
peptone often failed to cause any secretion and' occasionalb^ a second injection 
also Avas Adthout effect. After seci’etion Avas once obtained the latent period 
folloAving each injection Avas noticeabb^ longer than in the control experiments; 
hoAveA'er, exact measurements AA'ere not made. 

The secretory response to HCl AA'as also studied in three of these animals before 
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and after vagotomy. Results are presented in table 3 . Unfortunately the num- 
ber of observations following vagotomy is inadequate but from the available 
data it appears that there was a reduction in the volume of pancreatic juice 
secreted in response to a standard dose of HCl in the intestine. The total nitro- 
gen per cubic centimeter remained within the range of the lower normal values. 
Consequently there was a considerable decrease in the total nitrogen per sample. 
The secretory response to soap was studied in the same three animals (table 4) 
In contrast to the results with peptone and HCl, the response to stimulation by 
means of soap was not affected by vagotomy except in one animal in w'hich the 
splanchnic neiwes were also sev'ered. Since cutting the splanchnics alone did 

TABLE 3 


Effect oj vagotomy on the volume, specific gravity and total nitrogen oj pancreatic juice secreted 

in response to HCl in the intestine 


DOG MO, ' 

i 

KORMAL 

VAGI cut 

Date 

Num- 
ber of 
sam- 
ples 

Vol- 

ume 

1 

Sp. p. 

Total 

N 

Total 

N 

Date 

Num- 
ber of 
sam- 
ples 

Vo!. 

umc 

Sp. g. 

Total 

N 

Total 

N 

9-42 

9-42 

4-30-42 

&-11-42 

! 

6 

ec. 

7.63 

5.64 

1.0093 

1.0119 

mpn.l 

cc. 

1.26 

1.82i 

mgm.l 

sample 

9.61 

10.26 

7-10-42* 

j 

cc, 

2.88; 

1 

1.0092 

mgtn.f ' 
cc, 

1.125 

mgm.l 

sample 

3.24 

10-42 

8-10-42 

1 

I 4 

3.37 

11 

1.0 


10-29-42* 

3 

5.46 

1.0098 

0.56 

3,05 

10-42 

S-13-42 

4 

4.4 

SB 

0.8 


11- 2-42* 

4 

3.18 

1.0086 

1.64 

5.1 

10-42 

8-17-42 

i 3 

1 7.43 

1.010 

1,1 

8.17 







10-42 

9-20-42 

1 ^ 

3.75 

1.0118 

2.5 

8.62 

1 

i 


i 

1 


11-42 

1 8-12—42 



1.0096 

0.90 

7.11 

1- 7-43t 

i 

6 

2,55 

1.0092 

1.5 

3.8 

11-42 

i 8-15-42 

3 

1 7.26 

il.0096 

0.94 

6.82 







11-42 

8-17-42 

3 

1 6.83 

11.0096 

1.03 

7.03 








* Vagi cut in neck, 
t Both splanchnics also cut. 


not affect the response to soap stimulation, the cause of the peculiar result in this 
one animal remains obscure. 

The effect of cutting the splanchnic nerves. The splanchnic neives were cut 
in two dogs. In one (11-42) the vagi were also cut and the results are recorded 
in tables 2, 3 and 4. The results in this animal did not differ greatly from those 
observed when the vagi only were cut except that the decrease in' volume of 
secretion following vagotomy was more pronounced and there was, on the 
average, an increase in the total nitrogen per cubic centimeter so that the decrease 
in the total nitrogen per sample was less than the decrease in volume of secretion. 

In the other dog only the splanchnic nerves were cut. Tlie results are re- 
corded in table 5. There is little evidence of a consistent change in the response 
to any of the three stimuli following splanchnicotomy in this dog. There ap- 
peared to be an increase in the volume of the .secretion in some of the experi- 
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ments, particularly those vith soap and HCl, but since this result was opposite 
to that observed in the other animal it is probably not significant. 


TABLE 4 


Yohime, specific gravity and total nitrogen of pancreatic juice secreted in response to soap in 
the intestine before and after cutting the vagus nerves 



NORifAL 

VAGI CUX 

DOC N'O. 

Date 

Num- 
ber of 
sam- 
ples 

Vol- 

ume 

Sp. e. 

I 

1 Total 

! 

Total 

N 

Date 

Num- 
ber of 
sam- 
ples 

vol- 

ume 

Sp. s. 

Total 

N 

! 

Total 

N 




cc. 



mgm./ 

sample 



cc. 


mgm./ 

cc. 

mgm.l 

sample 

9-42 

5- 5-42 

6 

4.8 

1.0122 


13.44 

7-10-42* 

2 

6.4 

1.0106 

2.28 

14.59 

9-42 i 

5- 7-42 

5 

7.56 

1.0120 

2.35 

17.76 

7-11-42* 

6 

4.7 

1.0120 

2.64t 


10-42 

S-11-42 

6 

4.8 

1.0126 

2.8 

13.44' 

10-30-42* 

4 

4.75 


2.06 

9.78 

10-42 

8-15-42 

5 

4.32 

1.0124 

2.7 

11.66 

11- 4-42* 

4 

4.5 

1.0144 

3.92 

17.74 

m 

8-15-42 

3 

5.76 

1.0119 

2.4 

13.82 

l-14-43t 

6 

1.3 

1.0147 

5.18 

6.72 








l-15-43t 

4 

1.14 

1.0154 

5.21 

5.93 


* Vagi cut in neck, 
t Both splanchnics also cut. 
t Nitrogen calculated, 

TABLE 5 

Volume, specific gravity and total nitrogen of pancreatic juice secreted in response to various 
intestinal stimuli before and after cutting the splanchnic nerves with vagi intact. 

Dog 4-4S 


XORltAL 


Date 

Num- 
ber of 
sam- 

1 

Volume j 

Sp. g. 

Total N 

Total N 

Date 


pies 







Peptone 


SPtANCHNICS CUT 


Num- 
ber of 
sam- 

Volume 

Sp. g. 

Total N 

Total N 

pies 








CC. 

1 

j 

mgm./ ! 
cc. 1 

mgm.l 

sample 



CC. \ 


mgm./ \ 

cc. 1 

mgm./ 

sample 

2-15-43 

6 

2.25 

1.022 

8.47 

19.05 

3-15-43 

5 

2.54 

1.0209 

8.71 

22.12 

3- 2-43 

4 

2.67 

1.026 

10.01 

26.72 

3-19-43 

7 

2.53 

1.0292 

11.9 

29.10 





I 


3-20-43 

5 

2.08 

1.0187 

7.14 

14.58 


Soap 


2-17-43 

4 

3.92 

1.0178 

6.16 

24.14 

3- 8-43 

4 

5.9 

1.0144 

4.34 

25.60 

2-19-43 

5 

4.68 

1.0153 

4.48 

20.06 

3-^16-43 

4 

6.05 

1.0152 

4.58 

27.70 

2-27-43 

6 

5.92 

1.0145 

4.27 

25.17 

3-22-43 

4 

8.0 

1.014 

3.22 

25.76 

HCl 

3- 3-43 

5 

4.9 

1.0088 

0.7 

3.43 

3-20-43 

5 

8.3 





Discussion. Perhaps the most significant outcome of this studj^ is the 
observation that section of the extrinsic nerves ultimate^’- has little effect on the 
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response of the pancreas to intestinal stimuli including some which might rea- 
sonably be expected to excite the pancreas through its nerves. Division of the 
splanchnic nerves was without significant effect and section of the vagi caused, 
as a peimanent effect, only a relatively minor quantitative decrease in the re- 
sponses to peptone and HCI. The qualitative differences in the pancreatic juice 
secreted in response to different stimuli (Thomas and Crider, 1944) persisted 
undiminished after vagotomy. 

Nevertheless, the results confonn to a pattern which is characteristic of the 
innervation of some of the other gastro-intestinal viscera. For example, gastric 
motihty returns almost to normal after a temporary depression following section 
of the vagus nerves (Carlson, 1913). In a discussion of the innervation of the 
stomach, Carlson pointed out the fact that . . visceral nerves are comple.x 
association paths connecting cerebrospinal and visceral reflex centers rather than 
relatively simple nerves like the skeletal efferents” (Carlson, Boyd and Pearcy, 
1922). 

The existence of "visceral reflex centers” for the pancreas has not been demon- 
strated; on the other hand, there is no evidence to support an assumption that 
the innervation of the pancreas differs fundamentally from that of other gastro- 
intestinal organs. Our results can, we tlimk, best be explained by the hypoth- 
esis that the neiwous regulation of pancreatic functions is mediated for the 
most part through a peripheral reflex mechanism which, in addition to impulses 
initiated locally, receives impulses from the central nervous system by way of the 
extrinsic nerves, chiefly the vagi. These impulses may either augment or inhibit 
local reflexes. The temporary failure of the pancreas to respond to certain stimu- 
li following vagotomy may indicate that some local reflexes occur normally only 
when facilitated by impulses coming over the vagi; the subsequent recover 3 '^ 
may mean that the peripheral mechanism becomes h 3 ’persensitive after vagotomy 
and thus becomes capable of independent function. This conception ma^" also 
explain man 3 '' of the peculiarities of the reaction of the pancreas to electrical 
stimulation of the vagus nerves, e.g., the occasional inhibitoiy effects, the long 
latent period, and the occasional une.xplained failure of the pancreas to respond. 

A simpler hypothesis would be that the vagi are onl 3 ’- remotely related to 
pancreatic function and all the responses of the pancreas, before and after vagot- 
om 3 % are due to two or more hormones, some of which (e.g., secretin) promote 
the secretion of Avaterand others (e.g., "pancreoz 3 min”, Harper and Raper, 1943) 
promote the secretion of enzymes. However, this latter hypothesis fails to 
explain some of our results; consequently we prefer the former.- 

SuxBURY. 1 . Cutting the vagus nen^es or blocking them 63 ^' means of drugs 
was followed by temporaiy absence of the secretion of pancreatic juice AA'hich 
normally follows injection of peptone solutions into the intestine. 

2. Twent\'-four hours or more following vagotony pancreatic juice was again 
secreted in response to peptone stimulation but in less than normal amounts. 
The re.sponse to HCI Avas also less than nonnal. 

3. Vagotomy did not affect the Amlume or concentration of pancreatic juice 
secreted in resjAonse to soap in the intestine. 
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4. The total nitrogen content of the pancreatic juice was not consistently^ 
altered by vagotomy'^, regardless of the stimulus. 

5. Cutting the major splanchnic nerves caused no consistent change in the 
response of the pancreas to intestinal stimuli. 

CONCLUSION 

It is suggested that the vagus nerves influence the external secretoiy function 
of the pancreas tlu’ough augmentation or inhibition of local reflexes. 
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